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Abstract 
Aluminium (Al) toxicity is a key factor limiting pasture production in the high country of New Zealand. 
Many high country soils are acidic, with a pH less than 5.5. Low soil pH makes Al soluble, leading to 
high concentations of exchangeable Al in soils and plant Al toxicity. Aluminium toxicity reduces plant 
vigour and yields; resticting root growth and limiting nutrient and water uptake. The harsh climatic 
conditions experienced in the high country could also play a role in the exacerbation of Al toxicity. 
Literature on the influence of low moisture extremes on exchangeable Al concentrations is scarce. 
Nomad white clover was grown for 10 months under glasshouse conditions at Lincoln University in two 
acidic high country soils collected from Omarama and Glenmore Stations, Central Otago. The trial was 
a full factorial design of two soil types, three soil moisture levels and four fertiliser treatments. Lime 
(100% CaCO3) was applied at three rates (0,2 and 8 t lime/ha) with one treatment of P and lime (2 t 
lime/ha and 150 mg P/kg). Sulphur was applied to all treatments at 120 kg S/ha (Gypsum). Plants were 
harvested four times during the experiment and yields were determined. Herbage was analysed for 
macro and micro nutrient concentrations by ICP-OES and NIRS. Soils were analysed for pH and 
exchangeable Al, with bulk soil samples also analysed for P and S contents at completion of the 
experiment. 
A significant interaction between soil moisture and exchangeable soil aluminium was observed for the 
Glenmore soil. The medium moisture treatment (23% VWC) had lower exchangeable Al, 4 mg/kg 
compared to the low (17% VWC) and high (33% VWC) moisture treatments which contained 5 and 5.6 
mg exchangeable Al/kg respectively, for the zero lime treatment. The low Al Omarama soil in 
 iii 
comparison, only contained Al concentrations of 1.3, 1.1 and 0.8 mg Al/kg in the same treatments at 
the completion of the experiment. This experiment did show an interesting interaction and strongly 
suggests that soil moisture influences exchangeable Al, but only when Al concentrations are greater 
than 4 mg Al/kg. Similar experiments are required using high Al soils to confirm this result. 
The Glenmore soil contained higher initial concentrations of exchangeable Al (6.6 mg Al/kg), had 
greater carbon stocks (6.9 kg C/m3) and produced higher shoot yields (10.6 g DM/pot) than the 
Omarama soil (3.8 mg Al/kg , 3.5 kg C/m3 and 7.8 g DM/pot). The high P fertility of the Glenmore soil 
(Olsen P 18) probably supressed soil Al affects on yield. High soil carbon may have also masked the 
effects of soil moisture on exchangeable Al for the Glenmore soil. 
Moisture treatments caused a significant growth limitation on the low moisture treatment (17% VWC), 
with a yield of 8.7 g DM/pot compared to 9.5 and 9.4 g DM/pot for the medium (23% VWC) and high 
(33% VWC) moisture treatments. Herbage nutrient concentrations were effected predicatably by lime 
and P addition. Shoot concentrations of P and Mo increased with lime addition,  while shoot 
concentrations of Zn, Mn, B and Al decreased. Shoot nutrient uptake followed the same trends as 
concentration. 
Keywords: Exchangeable aluminium, soil moisture, VWC, soil pH, Trifolium repens, carbon stocks, 
white clover, ionic strength 
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Chapter 1 
Introduction 
Aluminium (Al) is a non-essential trace element that is not required by animals or plants for biological 
function (Bhalerao & Prabhu, 2013). Bioavailability of Al is mainly due to the pH of the soil, causing Al 
toxicity to be one of the main limiting factors to plant growth in areas with acidic soils. When soil pH 
becomes lower than 5.5 it dissolves the Al, making it soluble and able to be taken up by plants. Most 
high and hill country topsoils in New Zealand are acidic, with a pH of less than 5.5 (Wheeler et al., 
1992b) due to erosion and high levels of exchangeable Al and low fertility (Nordmeyer & Davis, 1977). 
New Zealand Agriculture is based largely on legume-based pastoral production systems. The key driver 
for the sustainability of these systems is the reliance on sward legumes to fix and provide nitrogen 
(N)(Bolan et al., 1991). Soil pH and the associated Al toxicity is one of the key factors effecting legume 
growth and N fixation in high country environments, and therefore the productivity and sustainability 
for New Zealand pastoral systems. As the human population continues to grow the importance of the 
land will only increase and finding solutions to increase productivity will be crucial as demand for food 
escalates. 
The majority of New Zealand agricultural land is rain fed, this makes it important to understand soil 
moisture. Having an understanding of soil moisture storage allows it to be modelled,  predicting plant 
moisture needs and the sustainability of practises which gives farmers the insight to allow for better 
farm management (Rickard, 1977). High and hill country in New Zealand experience climatic extremes, 
will the majority of soils becoming moisture limited during hot summer months. The effect this 
moisture limitation could have on the toxicity of exchangeable Al in the soil is poorly understood, with 
very little literature on the topic. Changes in soil moisture also influences the sequestration of carbon 
in the soil (Condron et al., 2014), with the soil acting as the world’s largest store of carbon (Swift, 2001) 
this interaction needs to be understood further. 
Ionic strength is the means to calculate ionic activities, through measuring the intensity of the electrical 
field in soil solution (Costa et al., 2014). High ionic strength of soil solution is thought to reduce the 
activity of Al in soil solution (Ryan & Delhaize, 2012). A better understanding of ionic strength and soil 
moisture effects on exchangeable Al may provide insight into factors causing Al toxicity leading to 
possible prevention or remediation strategies. 
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This experiment consists of a pot trial using acid high country soils at three different moisture levels 
conducted under glasshouse conditions. The experiment allowed for accurate control and 
manipulation of climate (soil moisture content 17, 23 and 33% VWC) and fertility conditions (soil pH, 
P and S fertility) to observe soil exchangeable Al, shoot yields, and shoot nutrient concentration 
responses to soil moisture. 
The objective of this experiment was to determine the effect soil moisture has on soil exchangeable 
Al, Al toxicity and carbon stocks of two high country soils from Central Otago, and how these factors 
influence the yield and nutrient uptake of ‘Nomad’ white clover under glasshouse conditions. The 
hypothesis tested in this experiment is that the level of soil aluminium toxicity will vary with different 
levels of soil moisture. 
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Chapter 2 
Literature Review 
This literature review focuses on the influence of soil moisture content on aluminium (Al) toxicity in 
New Zealand high and hill country soils. Soil factors that may influence soil Al toxicity are soil texture, 
soil structure, exchangeable soil Al concentrations, ionic strength of soil solution and soil carbon are 
reviewed. Aluminium toxicity is defined, and cause and effects are examined. Possible management 
strategies for dealing with Al toxicity are also discussed. The aim of the review is to identify gaps in the 
current knowledge of soil Al toxicity and how Al concentrations change with varying soil moisture 
content. 
2.1 New Zealand High and Hill Country 
Geographically, South Island high and hill country is described in several different ways. In 1944, 
geographer Kenneth Cumberland defined it as “a 40-mile-wide strip of mountain land east of the Main 
Divide extending from Cook Strait to Te Anau,” (McIntyre, 2007). The South Island High Country 
Committee limits the definition of a high-country farm to; “A property on which the production of wool 
and store stock was the main source of income and which might be liable to losses from 
snow”(McIntyre, 2007).  
Uplift of tectonic plates formed the central mountains of the South Island, the Southern Alps, with the 
valleys and basins moulded by the advance and retreat of glaciers over thousands of years (Molloy, 
1998). The eastern mountain slopes of the Southern Alps have lower rainfall (1 500 mm/year) than the 
western slopes (5 000 – 11 000 mm/year). The eastern slopes experience moisture and temperature 
extremes, suffering from drought and high surface temperatures in summer and freezing 
temperatures in winter.  
The South Island high country is part of an extensive deposit of greywacke and argillitic sandstone 
(Scott, 1999). Thus the parent material for soil formation in this area was very similar and soil variation 
is due to the effect of climate gradients, erosion and weathering. This eastern montane high country 
has scatterings of beech forest, tussock grasslands and large areas of un-vegetated slopes and erosion 
scars (Molloy, 1998). Low soil fertility limits the rehabilitation of eroded soils. Soils also vary greatly 
across this sloping landscape with free draining soils on upper slopes, to poorly drained gley soils on 
the foot slopes. 
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2.1.1 The Mackenzie Basin 
Mackenzie Basin is one of a chain of intermontane basins in Central Otago and the soils are some of 
the driest in New Zealand (Molloy, 1998; Radcliffe & Cossens, 1974). These intermontane basins lie 
higher than 300 m above sea level and are sandwiched between the Southern Alps and eastern frontal 
ranges (Molloy, 1998). Tectonic plate uplift formed the mountains either side, while glaciers shaped 
the basins and valleys between (Figure 2-1). The Mackenzie Basin is the largest high country basin in 
New Zealand, covering 200 000 ha and is of great economic importance to New Zealand. 
The landscape is made up of fans, outwash plains, terraces, moraines, valleys, rivers and vast lakes 
(Molloy, 1998). It is a harsh environment of hot dry summers with low humidity and high 
evapotranspiration rates (Radcliffe & Cossens, 1974). The winters are cold with frequent frosts and 
snow falls several times each winter (Norton et al., 2006). Slopes on the west side of the basin are 
wetter (1 000 – 1 500 mm/year) and have brighter soils, whereas the eastern and southern slopes have 
drier (500 – 800 mm/year) soils that are formed predominantly on alluvial fans (Molloy, 1998).  
 
Figure 2-1: Cross section of South Island high mountains, intermontane basins and eastern frontal ranges, from Fox Glacier 
to Fairlie. Showing Topography, soils and vegetation. Taken from Molloy (1998). 
2.2 Aluminium Toxicity 
Aluminium (Al) is a non-essential trace element that is not required by animals or plants for biological 
function. It comprises about 7% of the earth’s crust (Bhalerao & Prabhu, 2013) but a very small 
proportion of this is in soluble form.  Bioavailability of Al is mainly driven by soil pH,  becoming soluble 
in acidic soils of a pH less than 5.5 (Bhalerao & Prabhu, 2013; Edmeades & Ridley, 2003). High Al levels 
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in soil solution are toxic to plants, especially legumes. Aluminium is usually insoluble in soils of a neutral 
to basic pH. 
Aluminium in its metallic form is not harmful, but when soluble, is toxic to any living cell (Bhalerao & 
Prabhu, 2013). Aluminium toxicity is detrimental to most plants, limiting root growth and damaging 
the plants ability to take up water and other nutrients such as calcium (Ca), magnesium (Mg), 
potassium (K) and phosphorus (P) (Bhalerao & Prabhu, 2013). The mononuclear species Al3+ is thought 
to be the most toxic form.  Very small concentrations of Al are required to reduce plant yields. 
Temperate pasture species only require active Al3+ concentrations from <1 to 5µM to reduce yields by 
50% (Wheeler & Edmeades, 1995). Aluminium toxicity can be one of the main limiting factors to plant 
growth in areas with acidic soils. 
Aluminium toxicity is mainly associated with changes in root morphology. Al3+ inhibits root growth by 
damaging root cells at sites in the apoplast and in the cytosol (Ryan & Delhaize, 2012). This leads to 
roots becoming brown, ridged and stubby (Bhalerao & Prabhu, 2013). High Al saturation of soils leads 
to the adsorption, reduction in mobility and reduced availability of P for plant uptake (Kidd & Proctor, 
2001). Al toxicity causes P deficiency by converting P into Al phosphates which are unavailable to plants 
(Arunava & Khriedinuo, 2013). Addition of lime to a soil system can increase pH, reducing Al toxicity 
and thus increasing P availability and enhancing plant growth (Edmeades et al., 1983). 
When soils get below a pH of 6 - 6.5, plant uptake of many nutrients (Arunava & Khriedinuo, 2013) 
such as Ca, Mg, sodium (Na) and K are reduced (Edmeades et al., 1983). This may exacerbate negative 
effects when Al becomes soluble and causes toxicity at pH <5.5 because the plants are already under 
stress from nutrient deficiencies.  
2.2.1 Acid Soils 
Approximately 50% of arable land worldwide is acidic (Liu et al., 2014), significantly reducing 
productivity.  Aluminium toxicity is the major limiting factor for plant growth on 67% of acidic arable 
land (Bhalerao & Prabhu, 2013). Acid soils occur naturally in tropical and subtropical zones due to age 
and intensive weathering (Arunava & Khriedinuo, 2013). These high rainfall environments incur 
leaching, carrying soluble basic cations out of the surface soil layers (Fageria et al., 2009). Leaching 
causes bases such as Ca, Mg and K to be displaced by acidic hydrogen (H) ions (Hue, 2011). This leads 
to a lowering of pH and increased solubility of Al, causing toxicity.  
Soil acidification does not only occur as a result of soil parent material properties and weathering but 
also through anthropogenic practices (Edmeades & Ridley, 2003). Agricultural practices such as crop 
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or product removal from the property, excessive use of N fertilisers and organic matter (OM) 
accumulation all decrease soil pH (Bhalerao & Prabhu, 2013). 
There is generally two groups of acid soils; those which have acid topsoils and subsoils and tend to 
have Al toxicity and Ca deficiency, then those that only have acid topsoils, developed through acidifying 
management practises (Edmeades & Ridley, 2003). Recognition of these differences could help with 
the development of appropriate management and liming strategies. 
New Zealand is a relatively young country in terms of human occupation, with pastoralism taking off 
in the 1840’s (McIntyre, 2007). Key factors driving Al toxicity in New Zealand soils are the loss of 
nutrients through grazing transfer and leaching exceeding the rate of nutrient supply through 
weathering (Adams et al., 1999) and high rates of erosion (Nordmeyer & Davis, 1977). Through 
fertiliser application, over sowing and grazing soils, New Zealand soils have become continually less 
fertile. The release of H+ by legumes and other pasture plants adding to the problem of acidity. With 
reduced bases, soils become more acidic as they are replaced by cations such as Al3+ and H+ (Arunava 
& Khriedinuo, 2013). 
The grazing and burning off of vegetation in New Zealand high country led to the removal of key cations 
such as N, P, K and sulphur (S) (McIntosh et al., 1997). Studies suggest a correlation between soils with 
already low base saturation and the impact of acidification (Adams et al., 1999). As these areas are 
have low productivity, it’s thought that even if production was to increase it would still be 
uneconomical to use lime (Arunava & Khriedinuo, 2013). A trial by McIntosh et al. (1997) on tussock 
grasslands in New Zealand high and hill country concluded that grazing on these areas was not 
sustainable. Pasture treatments of ungrazed, grazed and oversown were all found to decline in soil pH.  
2.3 Effect of Aluminium Toxicity on Plants 
Aluminium toxicity has many effects on plants cellular processes ; reduced uptake of  Ca and other 
ions, oxidative stress (Yamamoto et al., 2003), reduced cell elongation and changes in mitosis and cell 
division (Bhalerao & Prabhu, 2013). There can also be effects on cellular components, such as the cell 
nuclei and plasma membrane (Bhalerao & Prabhu, 2013).  
Blamey et al. (1992) reported that 12 different plant species had visible changes in the roots of Al 
treated plants. The roots were darker, thicker and shorter than those not exposed to Al, with many 
plants showing symptoms of chlorosis, necrosis and leaf curling. Other consequences of Al toxicity 
include; root sensitivity, restriction of lateral root growth and inhibition of elongation (Barcelo & 
Poschenrieder, 2002). Also reducing the amount of fine roots, which is critical for nutrient and water 
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uptake. Leaving roots short and brittle, increasing plants susceptibility to drought and other stresses 
(Arunava & Khriedinuo, 2013; Crush & Caradus, 1992).  
The root apex has been shown to be the most affected region with many studies reporting this 
phenomena (Ryan et al., 1993; Sivaguru et al., 1999). Aluminium accumulates in higher amounts at the 
apex, causing higher levels of tissue damage in this area than in mature tissues. Young seedlings were 
found to be more susceptible than older plants, responding differently to different concentrations of 
Al (Wheeler et al., 1992b). This result suggests that plant age may influence Al tolerance.  
Change in soil pH can greatly affect plant uptake of cations and anions. Concentration gradients play a 
large role in movement of ions across cellular membranes. As pH decreases there is an increase in 
positive charge outside the cells due to the dissociation of hydrogen ions. This creates a greater 
concentration gradient, increasing the driving force in cation uptake (Wang et al., 2011). As Al is 
positively charged at low pH, this plays a role in the large uptake of Al via symplastic pathways (Sivaguru 
et al., 1999) 
2.3.1 Effect on Forage Legumes 
Aluminium toxicity reduces the efficiency of nutrient utilisation in legumes, especially in lucerne 
(Medicago sativa) varieties (Baligar et al., 1988). Legumes are more sensitive to Al than grasses 
(Edmeades et al., 1991) and legume species also vary widely in terms of Al sensitivity (Moir and Moot 
2010, 2014; Jordan 2011; Schwass 2013; Whitley 2013). At a concentration of 3-5 mg Al3+/kg reportedly 
reduces legume dry matter production by 50%, compared with 10 mg Al3+/kg for grasses. 
White clover (Trifolium repens) has poor ability to grow in soils with a low pH, largely due to its 
susceptibility to Al toxicity (Crush & Caradus, 1992). A trial by Crush and Caradus (1992) between Al 
tolerant and non-tolerant genotypes showed that tolerance allowed for deeper penetration of roots 
into Al toxic soils. This improved the plants ability to persist in dry conditions, making it less susceptible 
to moisture stress.  
Cultivars of white clover were breed for Al tolerance and showed improvement in pot trials, but not 
when put into field trials (Caradus et al., 2001). Increasing white clover tolerance to Al may not be 
practical when applied to real life situations. Therefore trying to optimise production from species 
already more suited to acidic, high Al environments, such as subterranean clover could be a more 
realistic strategy.  Subterraneum clover (Trifolium subterraneum) was more tolerant than white clover 
showing a 50% reduction in dry matter yield at Al3+ concentrations of 5-6 mg/kg (Edmeades et al., 
1991). 
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Sensitive deep-rooted species such as Lucerne will respond well to liming if the only limiting factor is 
topsoil acidity (Moir and Moot 2010, 2013), if subsoil acidity is also a problem then topsoil liming would 
not remediate this issue (Edmeades & Ridley, 2003). 
2.4 Management Strategies for Aluminium Toxicity 
Applying lime to acidic soil is a good strategy against Al toxicity, with application as either ground 
calcium or magnesium carbonates (Edmeades & Ridley, 2003). The Al component of an acid soil often 
has greater influence on plant growth than the pH itself. This is reinforced by Edmeades et al. (1991) 
who found that many plant species were not sensitive to H+ component,  but that small concentrations 
of Al had a detrimental effect on plant growth. A trial by Wheeler and Edmeades (1995) found that 
increasing pH by liming reduced concentrations of exchangeable Al in topsoils. With an increase in pH 
Al becomes less soluble, reducing limitations to plant growth. Although there is seen to be a plant yield 
response to liming, the unreliability of results due to other confounding factors make  it hard to predict 
its effectiveness at alleviating soil acidity problems (Edmeades & Ridley, 2003). Confounding factors 
such as differences in soils and plant tolerance levels need to be controlled to reach reliable results of 
liming’s effectiveness. 
The economic factor of liming also needs to be taken into account. In some cases the actual cost of 
applying the lime is greater than the profit gain, thus application is uneconomic (Edmeades & Ridley, 
2003). The factor that should also be considered is the compounding effect of not liming. Soils will 
continue to acidify and by not maintaining soil pH, acidity problems will continue to increase as the 
profitability of the land decreases. Cost spread over the duration of the increased productivity is 
indicative that liming shouldn’t be so readily dismissed as uneconomical. 
Edmeades et al. (1983) have conducted research into the effect of P addition to soils, which showed a 
decline in toxic Al concentrations with the addition of P (P<0.05). They found a highly significant 
interaction between P addition and pH (<0.001), with plant P uptake increasing with increasing soil pH 
between pH 4.17 and 5.77 (Table 2-1). They speculated that through more vigorous plant growth due 
to the addition of P, there was a higher rate of removal of nutrients from soil, lowering soil ionic 
strength from 63 to 20 x 10-1 M (Table 2-1) and therefore reducing Al toxicity. However, currently, such 
mechanisms are poorly understood. 
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Table 2-1: The effects of the P treatments on pH (H20), pH (KCl), plant P uptake and ionic strength of the soil solution on 
Waitakere soil. Table adapted from Edmeades et al. (1983). 
Treatment 
pH 
(H20) 
pH 
(KCl) 
Plant P uptake 
(mg/pot) 
Ionic Strength  
x 10-1M 
No P 4.18 3.93 10.6 82 
 4.39 3.99 11.6 60 
 4.54 4.03 12.7 50 
 4.73 4.10 17.1 36 
 5.30 4.61 19.9 24 
 5.81 5.15 19.1 34 
150 kg P/ha P 4.17 3.90 12.7 63 
 4.37 3.95 18.3 54 
 4.51 3.96 17.5 49 
 4.68 4.07 23.6 30 
 5.28 4.57 35.2 17 
 5.77 5.06 38.0 20 
SED 0.02 0.01 1.0  
2.4.1 Aluminium Tolerance 
Mechanisms of plant tolerance to Al are either external, exclusion by production of root exudates or 
internal detoxification (Arunava & Khriedinuo, 2013; Barcelo & Poschenrieder, 2002). The best 
understood mechanisms of resistance are those of external Al avoidance. Aluminium avoidance is 
where Al is excluded from the growing tip of the root by the plant excreting Al-chelating organic acid 
anions into the rhizosphere (Liu et al., 2014). The excreted organic acids chelate with Al3+ ions, 
preventing them from entering the root tip. 
Breeding for Al tolerance is thought to be possible due to the large variation of tolerance levels within 
species (Wheeler et al., 1992a). Differences in Al tolerance lead to the belief that specific traits can be 
found within a species and selectively breed to produce a cultivar that has improved persistence and 
tolerance of high Al soils. Sowing tolerant species does not mean that they will not require liming as 
the soils will continue to acidify with time (Edmeades & Ridley, 2003). To maintain plant growth, either 
tolerance will need to be continued to be bred into them or lime could be used to maintain current 
pH. 
2.5 Soil Texture and Structure  
Soil morphological properties vary greatly both vertically with depth and laterally across the surface of 
the earth (McLaren & Cameron, 1996). Two of the key properties are soil texture and structure. Texture 
is classified by the size of particles in a soil. Soil structure refers to the shape, size and degree of 
aggregation of the primary soil particles into structural units. Soil texture and structure greatly 
influence soil moisture retention properties. 
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Soil texture is classified by particle size distribution, usually referring to particles less than 2 mm in 
diameter (Table 2-2)(McLaren & Cameron, 1996). The proportion of sand, silt and clay in a soil 
determine its texture. Smaller particles, such as clay, have a greater surface area to unit volume which 
increases the soils reactivity. This high surface to volume ratio gives the soil many of its chemical and 
physical properties. Clay particles in soil increase its cation exchange capacity (CEC)(Leamy et al., 1974), 
as clay mainly consists of surface active secondary minerals like vermiculites and smectites (McLaren 
& Cameron, 1996). These secondary minerals have the ability to absorb and hold nutrients and water.  
Table 2-2: Soil Particle Size Classes (diameter, mm). Listed from largest to smallest particle size for both the fine earth 
fraction and large particle classes. Taken from McLaren and Cameron (1996).  
Soil Particle Size Classes diameter (mm) 
(a) Classes for the fine earth fraction 
Coarse Sand 0.2 - 2 
Fine Sand 0.02* – 0.2 
Silt 0.002 – 0.02* 
Clay <0.002 
(a) Classes for large particles 
Boulders >200 
Very Coarse Gravel 60 - 200 
Coarse Gravel 20 – 60 
Medium Gravel 6 - 20 
Fine Gravel 2 - 6 
*Fine earth fraction according to the International Society of Soil Science system which is generally used in New Zealand, 
other systems use 0.05 or 0.06 mm to separate the fine sand and silt fractions. 
2.6 Soil Moisture Storage and Movement 
Soil moisture is complex in its movement, occurrence and distribution and plays an important role in 
the earth’s hydrological cycle (Saxton, 1985). An understanding of soil moisture is important, especially 
in agricultural systems where pasture and crop production is highly dependent on having adequate 
plant available soil moisture (Scotter et al., 1979).  
Soil pores act as water storage within the soil (Saxton, 1985). The main way that soil can store water is 
through the adhesion and cohesion of water molecules within a soil (McLaren & Cameron, 1996). Due 
to this adhesive and cohesive attraction of water molecules capillarity occurs. Capillarity is when water 
moves up into a narrow space due to the attraction of water molecules to surfaces and each other. 
This explains why soil can hold water against the force of gravity and is held under suction or tension 
in small pores (micropores) even after drainage. 
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Soil water has potential energy (McLaren & Cameron, 1996) and moves from areas of high energy to 
areas of low energy. This provides information about the availability of water to plants and the 
movement of water in soil. In the soil there are four main types of forces acting on soil moisture; 
gravitational, matric, pressure and solute potentials.  
2.6.1 Porosity and Suction Potential 
The aggregation (structure) and the arrangement of primary particles (texture) in a soil defines the 
pore space in a soil. The pore spaces in a soil play an important role in the movement of water, plant 
nutrients, gases and soil microbes within a soil (Gradwell, 1978). Porosity is the ratio of total volume 
of pores in a soil to the total volume of soil (McLaren & Cameron, 1996). Most soils have a total porosity 
between 30% and 60%. Different pore sizes provide different functions within a soil. Macropores 
(Table 2-3) are most important for the movement of solutes, gases and microbes through soil while 
micropores are most effective at water storage. 
Table 2-3: Potential energy levels of soil water corresponding to maximum pore size full of water at each suction. kPa: 1 x 
103. One bar is equivalent to 100kPa or on atmosphere, which is the average air pressure at sea level. Adapted from 
McLaren and Cameron (1996).  
*Critical moisture levels are approximated levels that fit most soils. 
The suction potential of a soil depends largely on the size ratio of its pores. The smaller the diameter 
of the pore (µm) the greater the suction pressure (bars; Table 2-3). When pores are smaller than 0.2 
µm water is held at 15.0 bars (-1500 kPa) which is greater than a plants ability to extract water, this 
leads to the permanent wilting of a plant. Soils that are compact and have a high clay content have a 
Potential energy levels of soil water corresponding to maximum pore size full of water at each suction 
Pore Description 
Approximate 
maximum pore 
diameter full of 
water (µm) 
Soil Water 
Potential 
Volume 
basis (kPa) 
Soil Water 
Suction 
Pressure (bars) 
Critical Moisture 
Level* 
Macropores 
Air pores 
(>300  µm) 
Transmission pores 
(300 – 30  µm) 
All pores 0 0 Saturation 
300 -1 0.01 
 
60 -5 0.05 
30 -10 0.1 Field Capacity 
Micropores 
Storage pores 
(30 – 0.2  µm) 
Residual Pores 
(<0.2 µm) 
3 -100 1.0 
 0.6 -500 5.0 
0.3 -1000 10.0 
0.2 -1500 15.0 
Permanent Wilting 
Point 
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smaller total porosity than loose, coarser textured soils (Gradwell, 1978). With the compaction and 
loosening of soils predominantly influencing the proportion of macropores (Ehlers, 1973). 
Critical Soil Moisture levels 
Saturation, field capacity (FC) permanent wilting point (PWP) and available water capacity (AWC) are 
general concepts used to describe soil moisture status (Table 2-4)(McLaren & Cameron, 1996). 
Saturation is when all soil pores are filled with water and no air remains within the soil. Field capacity 
is when water is held between 0.05 – 0.02 bars suction (Table 2-3). This occurs 1 or 2 days after the 
application or water when drainage from macropores has stopped. Permanent wilting point is defined 
as the amount of water left in the soil when plants can no longer take it up and are permanently wilting. 
Clay soils have a greater amount of water held at lower potentials, less than -10 kPa or 0.1 bars of 
suction.  
Table 2-4: Representation of soil water contents at field capacity and permanent wilting point. Adapted from McLaren and 
Cameron (1996) 
Permanent wilting point Stress point 
 
Field capacity 
Hygroscopic water Survival water Readily available water Air space and drainage water 
Unavailable water Plant available water Superfluous water 
 
Plant available water capacity (PAWC), is water that is held between FC (0.1 bars) and PWP (15 bars; 
Table 2-3 & 2-4)(Carberry et al., 2002). Any water that remains in the soil after PWP is held in small 
micropores at a suction that is too great for plants to draw water from. Different plant species have 
different levels of readily available water (RAW)(Leenhardt et al., 1995). Readily available water is 
defined as a percentage of the PAWC soil, depending on a plants rooting depth (Woodward et al., 
2001). Therefore RAW is greater for plants that are deeper rooting than those with shallow roots 
(McLaren & Cameron, 1996).  
Drainage 
Drainage of soils occurs faster in those with a coarser texture due to a greater proportion of 
macropores (Gradwell, 1978). Sandy soils have a larger percentage of macropores (Table 2-3) which 
are free draining (McLaren & Cameron, 1996). Macropores are unable to hold water against gravity.  
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Figure 2-2: Fluctuation in drainage for different textures as a function of time. Taken from Nachabe (1998) 
Clay soils have a greater proportion of micropores which hold residual water at greater suction. 
Drainage of sand is rapid initially then it tapers off, whereas clay has more of a constant drainage 
(Figure 2-2). Drainage flux decreases as time increases (Nachabe, 1998) shown by the curve of the 
drainage lines.  
Micropores can hold water against gravity due to adhesion, cohesion and capillary action of water 
molecules (McLaren & Cameron, 1996). Overland drainage can occur when soils are already at 
saturation point (Bretherton et al., 2010). There is also preferential (or by-pass flow) through 
macropores, root channels or cracks in the soil which give rapid drainage (Leenhardt et al., 1995). 
2.7 Interaction of Soil Moisture with Soil Fertility 
Soil solution holds nutrients, these are in the most readily available form to plants (Black & Campbell, 
1982). Water that moves through soil generally carries nutrients with it, this can lead to the leaching 
of fertilisers and other nutrients that naturally occur in the soil (McLaren & Cameron, 1996). Different 
types and rates of drainage can influence the amount of nutrients lost from a soil. Preferential flow 
causes very uneven infiltration into the soil with water moving through worm tunnels, root channels 
or cracks in the soil which gives uneven rapid drainage (Magesan et al., 1999). Greater micro-porosity 
or clay content increases a soils ability to hold nutrients due a high reactive surface to volume ratio, 
this results in a high CEC. 
There is a positive correlation between soil moisture and a plants response to nutrients (Moir et al., 
2000). As soil moisture increases so does a plants response to nutrients in the soil, increasing dry 
 14 
matter production. Moir et al. (2000) found a strong relationship between pasture growth per mm of 
evapotranspiration and available P status. Increased soil moisture allowed for full response to available 
nutrients when water was not a limiting factor. 
2.7.1 Soil Ionic Strength 
Ionic strength (µ) is the means to calculate ionic activities, measuring the intensity of the electrical field 
in soil solution (Costa et al., 2014). There is contradictory theories on the relationship between soil 
ionic strength and soil moisture. Edmeades et al. (1985) state that there is an inverse relationship 
between ion concentration and soil moisture, that when moisture decreases, ion concentrations 
increase. Gillman and Bell (1978) say the opposite, stating that ionic strength is reduced by increasing 
moisture levels as it causes dilution. Literature is unclear on which theory is correct and further 
research would be beneficial. Ionic strength of soil solution is further discussed in section 10 of this 
chapter. 
2.7.2 Soil Moisture influence on Nutrient Content 
Nutrients are removed from soil by the leaching of moisture through the soil profile. As nutrients move 
through the soil profile in solution they can react with soil components, either reducing or increasing 
in concentration (McLaren & Cameron, 1996). For example, as nitrogen (N) moves through the profile, 
immobilization by microbes can occur, reducing the amount of N in solution and therefore the amount 
that is leached from the soil. The reverse can also happen through the mineralisation of organic N. 
Mineralisation of soil OM by microbes increases the available N pool in the soil. Thus the availability of 
nutrients in soil can fluctuate. Soil fertility tends to decrease with time as soil degradation and 
weathering occurs (Scott, 1999). 
2.8 Carbon Content of Soil 
Soil organic carbon (C) is a large, dynamic component of terrestrial C stocks (Conant & Paustian, 2002). 
Soil organic C stocks are measured using the concentration of C present and the bulk density of the 
soil (Don et al., 2007). The soil C content can be sampled at a specific point but there is significant 
spatial variation, horizontally and vertically within a soil (Dick & Gregorich, 2004; Don et al., 2007). 
Mineral soils in New Zealand have topsoil OM levels that range from 3 to 20% (McLaren & Cameron, 
1996). 
New Zealand’s initial conversion of native forests and grasslands into agriculture has decreased soil 
acidity while increasing N and P stocks, with little to no change in C stocks (Schipper et al., 2007). 
However, the trend since this conversion has seen decline in C stocks, with losses averaging 106 g C m-
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2 yr-1 (P<0.01). This research was on flat to rolling land and results may not be relevant to C stocks in 
high and hill country soils. Contrary to this Haynes and Williams (1993) state that improved pastures 
often increase the organic C content of the top soil.  
Soil C concentrations are linked closely to biotic processes like biomass production, decomposition and 
addition of litter to the soil surface (Don et al., 2007). The rate of these processes and thus organic C 
accumulation vary considerably with different soil types, climate and management practises (Haynes 
& Williams, 1993). 
2.8.1 Physical Properties of Soil Organic Matter  
Soil organic C has many physical, chemical and biological properties that are beneficial to soil 
productivity (Dick & Gregorich, 2004). Organic C concentrations have a positive relationship with OM 
supply (Mayer, 1994), with OM providing the main source of organic C in the soil (McLaren & Cameron, 
1996). Organic matter has the following beneficial properties in soil: 
 Source of plant nutrients. 
 Increases water storage capacity of soils. 
 Heat absorption, increasing soil temperatures. 
 Deactivation of organic chemicals such as herbicides. 
 Formation and stabilisation of soil structure. Increasing soil aggregation and plasticity.  
2.8.2 Carbon Content Variation 
Climate has a large influence on the C content of a soil (McLaren & Cameron, 1996). The main climatic 
effects are caused by temperature and moisture. Temperature and moisture both influence plant 
growth and the rate of decomposition of OM in soils. Organic C levels generally increase with a greater 
amount of plant growth and more active C cycles in moister soils (Leamy et al., 1974). This is why C 
content of soil tends be higher in topsoil and decrease with depth (Don et al., 2007). Soil C stocks vary 
with the plant species grown in them (Don et al., 2007). Traditionally soil C is measured only for the 
top 30 cm and changes in C content with different plant species may not be detectable without deeper 
sampling. 
Soil C concentration and bulk density both vary with time (Don et al., 2007). Soil bulk density varies 
with soil parent material, soil formation processes and soil aggregate formation (Lal et al., 2001). Bulk 
density of a soil can change with land use changes, erosion, seasonal fluctuation in moisture and 
anthropogenic processes such as tillage and compaction from machinery. 
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2.9 Components of Soil Solution 
Soil solution is the main source of nutrients for plant uptake (Black & Campbell, 1982). The 
concentrations of nutrients in solution are continually changing. Periodic changes in soil solution 
composition should be expected due to such things as plant uptake, leaching and mineralisation 
(Gillman & Bell, 1978). 
Concentrations of cations in soil solution are variable. Fertiliser addition and urine patches can increase 
concentrations, while leaching and plant uptake can decrease concentrations (Black & Campbell, 
1982). There is an inverse relationship between ion concentration and soil moisture. As moisture 
decreases, ion concentrations increase (Edmeades et al., 1985). 
The rates of movement of ions in soil depends on the surface charge of soil colloids (Black & Campbell, 
1982). These soil surface charges may be permanent; caused by the isomorphous substitution of ions 
within mineral structures, or variable; dependant on pH and electrolyte concentration of soil solution. 
As soils develop, amount of components carrying variable charge changes, with most soils carrying a 
mix of permanent and variable charge. Components that carry variable charge are allophane, organic 
matter, Al and iron hydroxides and oxides. 
2.9.1 pH of Soil Solution 
Soil pH varies inversely with soil moisture content (Edmeades & Ridley, 2003). In summer to autumn 
periods when moisture levels are low, soils have a high ionic strength and therefore lower pH. 
Temporal changes in soil pH have been shown to increase in autumn through mid-winter, peaking in 
August and then drop over summer to reach its lowest in late summer – early autumn (Figure 2-3). 
This cycle corresponds to moisture content, with the highest pH corresponding to the wettest period 
in winter and the lowest pH corresponding to the driest period in late summer- early autumn (Slattery 
& Ronnfeldt, 1992).  
There is a relationship between Al concentration and pH, where pH declines as Al concentrations 
increase (Figure 2-4). Edmeades et al. (1983) conclude from this relationship that pH is the sole 
determinant of available Al. Moir and Moot (2010, 2014) suggest that this relationship changes with 
soil type. An inverse relationship also exists between pH and ionic strength. In winter months when pH 
is high, ionic strength is low in soils with variable charge (Edmeades et al., 1985; Slattery & Ronnfeldt, 
1992). Slattery and Ronnfeldt (1992) stated that ionic strength could not account for all the seasonal 
variation of pH. 
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Figure 2-3: Seasonal pH variation of 4 Australian soil types from Victoria. Non-linear regression analysis of pH (H2O) against 
month of sampling for 1988-90. Taken from Slattery and Ronnfeldt (1992).[ open circle = site 1, solodic (r = 0.36); closed 
square = site 2, red-brown earth (r = 0.64); closed triangle = site 3, red podsolic (r = 0.40); open square = site 4, podsolised 
red earth (r = 0.44)].  
 
Figure 2-4: The effects of pH, applied P (circles = no P, triangles = 150 kg P/ha) and sulphuric acid (inverted triangles) on 
soil solution Al concentration (a.) and activity (b.) for the Marua soil (closed symbols) and Waitakere soil (open symbols). 
Taken from Edmeades et al. (1983). 
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2.10 Ionic Strength of Soil Solution 
Ionic strength is the means to calculate ionic activities, measuring the intensity of the electrical field in 
the soil solution (Costa et al., 2014). The principle of this is that the activity coefficient of an ion is the 
same in all solutions of the same ionic strength. Ionic strength of an electrolytic solution can be 
calculated using the Debye-Huckel equation (Figure 2-5). The total sum of all the ions molar 
concentrations (C) in solution and the square of their valence (Z) divided by two (Adams, 1971; Costa 
et al., 2014). 
Figure 2-5: Debye-Huckel equation used to calculate ionic strength (IS) of an electrolytic solution where C is the ion 
concentration present in the solution (mol L-1) and Z is the valence of the ion. Taken from Costa et al. (2014). 
Schofield and Taylor (1955) state that ionic strength of soil solution is commonly said to be 0.03 µ. This 
is contradicted by Gillman and Bell (1978) and Slattery and Ronnfeldt (1992) who state that ionic 
strength of soils is in the range of 0.003 to 0.005 µ, including both temperate and tropical soils. Black 
and Campbell (1982) found that ionic strength of soils under permanent pasture are likely to be less 
than 0.001µ, with all of the soils in their trial having ionic strengths less than 0.005µ. 
2.10.1 Variation in Soil Ionic Strength 
There are many factors that cause variation in the ionic strength of soil solution. Ionic strength varies 
over time, space and management practises (Edmeades et al., 1985). Natural factors that change the 
ionic strength of soil solution can be decomposition of OM, plant nutrient uptake, root exudation, 
weathering and rainfall (Costa et al., 2014). Anthropic factors such as liming and application of 
fertilisers can also change ionic strength. There is also temporal variation with summer to autumn 
seasons having the highest ionic strength and lowest pH (Edmeades et al., 1995).  
Edmeades et al. (1985) found a consistent temporal effect on ionic strength of soil solution. That ionic 
strength is at its lowest in winter and highest in summer with an inverse relationship to pH. As pH 
increases, ionic strength decreases. This is expected on soils with a variable charge. The variable charge 
of a soil increases with increasing development (Black & Campbell, 1982). 
Soil solution concentrations of cations are variable; increasing after fertiliser application and under 
urine patches, decreasing after leaching, plant uptake (Black & Campbell, 1982), re-adsorption and 
precipitation (Mitchell et al., 2000). Mitchell et al. (2000) observed a close correlation between 
changes in soil solution ion concentration and changes in ionic strength. The increase in ionic strength 
after fertiliser application causes more competition between cations in the soil solution for exchange 
sites. This leads to the desorption of cations, therefore increasing their concentration in solution. 
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Ionic strength decreases as soil moisture content increases, though there are other confounding 
factors such as leaching and mineralisation that can change ion concentrations (Edmeades et al., 1985). 
Gillman and Bell (1978) also state that ionic strength is reduced through dilution. As moisture levels 
increase, the charge of a soil decreases due to desorption of ions. 
2.11 Aluminium in Soil Solution 
Al3+ is the main form of Al in soil solution (Virendra & Agrawal, 2015), with Al3+, Al(OH)2+ and AL(OH)2+ 
being the most phytotoxic species of Al (Manoharan et al., 1996). There are many different forms of 
Al present in equilibrium in an acid soil (Figure 2-6). Al3+ exists in equilibrium with other forms of Al in 
soil solution (Adams, 1971). This equilibrium is affected by the activities of other electrolytes and ions 
such as exchangeable cations. The distribution of Al among its ionic species has yet to be clearly 
defined. Al3+, AlOH2+ and the hydrolytic ion of Al6(OH)153+ are the only forms of Al where there are 
available calculations to calculate their distribution, these are listed by Adams (1971). 
 
Figure 2-6:  The aluminium equilibria in a strongly acid soil. Taken from Adams (1971) 
2.11.1 Changes in Aluminium Concentrations 
Edmeades et al. (1985) found that there was a trend for Al concentrations in solution to increase in 
winter but could not find an obvious explanation for why this occurred. Slattery and Ronnfeldt (1992) 
found a similar result in wetter months, stating that this may be due to a boom in the microbial 
population as soil moisture increased. The presence of microbes could account for the increase in Al 
with moisture as microbial metabolism produces organic acids that mobilise Al.  
Some anions such as sulphate, phosphate, fluoride (F) and some organic anions complex with Al 
making it harmless to plants (Ryan & Delhaize, 2012). Manoharan et al. (1996) found that through 
addition of North Carolina phosphate rock (NCPR) and single superphosphate (SSP) to soils, there was 
a decrease in the toxic species of Al in soil solution. This was thought to be due to Al complexation with 
the F and P from these fertilisers, forming non-toxic Al-F and Al-P complexes. Edmeades et al. (1983) 
also found a reduction in phytotoxic Al with the addition of P. Enhanced plant growth due to higher P 
availability was thought to reduce the concentration of ions in soil solution, lowering ionic strength 
thus reducing toxic forms of Al. 
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2.11.2 Effects of pH 
Ionic species of Al in solution vary through dissociation or hydrolytic reactions, which are both pH 
dependant (Adams, 1971).  The phytotoxic forms of Al; Al3+, Al(OH)2+ and AL(OH)2+ are dominant at pH 
less than 6, while aluminate (Al(OH)4-) and insoluble gibbsite (AL(OH)3) are dominant above pH 6 
(Figure 2-7)(Ryan & Delhaize, 2012). As pH of the soil solution decreases the mole fraction of toxic Al 
species increases. 
 
Figure 2-7: Speciation of soluble aluminium. Distribution of soluble aluminium species showing the mole fraction of each 
species as a function of solution pH. Taken from Ryan and Delhaize (2012). 
A trial by Manoharan et al. (1996) found that the addition of diammonium phosphate (DAP) 
significantly decreased the soil pH. Decrease in soil pH was found to increase the formation of toxic Al 
(Al3+, Al(OH)2+ and Al(OH)2+) species in soil solution.  As pH decreases the activity of Al increases (Figure 
2-4). 
2.12 Relationship between Aluminium and Ionic Strength of Soil Solution 
As ionic strength increases due to a greater concentration of ions in solution, Al toxicity decreases 
(Edmeades et al., 1985). Additional ions compete for binding sites or form harmless complexes with Al 
reducing its phytotoxicity. Prediction of Al toxicity through concentration of Al in soil solution alone is 
not reliable due to many interactions that occur in the soil (Ryan & Delhaize, 2012). Polyvalent cations 
like Al3+ are sensitive to ionic strength. When two solutions containing the same concentration of Al3+ 
are compared, the one with higher ionic strength will have lower activity and therefore will be less 
toxic. Toxicity is more closely correlated to Al3+ activity in soil solution than concentration (Ryan & 
Delhaize, 2012). 
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Ryan and Delhaize (2012) state that Al toxicity follows the seasonal wetting cycle, decreasing with 
increasing ionic strength. Slattery and Ronnfeldt (1992) found seasonal variation of 0.01 mol CaCl2/L 
extractable Al concentrations in soil, but were un-related to soil ionic strength or to rainfall events. 
Such mechanisms are poorly documented in scientific literature. This seasonal variation in Al 
concentrations could also be related to changes in soil microbial populations. Microbes produce low-
molecular weight acid ligands that are important in the mobilisation of Al in soil solution (Huang & 
Violante, 1986). Peaks in soluble Al could correspond to increasing microbial populations due to 
seasonal increase in moisture. However Slattery and Ronnfeldt (1992) did not find evidence to support 
this explanation. Due to the lack of reliable data on Al speciation, Al forms that could have been 
affected by organic ligands could not be identified.  
2.13 Conclusions  
Soil pH is the major factor influencing the speciation of Al, which in turn determines Al bioavailability. 
Aluminium toxicity is one of the main reasons behind the reduction in plant growth in New Zealand 
high country, especially detrimental to legume yield and persistence in acidic soils. Aluminium reduces 
the plants ability to take up nutrients by reducing root growth and causing physical damage to the 
root. Acidic soils can also suffer from other toxicities and nutrient deficiencies. It is difficult to define 
plant responses that are caused specifically by Al toxicity. 
If the ionic strength of a soil solution is high it reduces Al toxicity. This is due to the presence of other 
ions competing for binding sites, changing the surface potential of plant roots or forming harmless Al 
complexes. There are conflicting theories on the seasonal variation of pH, Al and Ionic strength. Ionic 
strength and pH are thought to have an inverse relationship. Ionic strength is thought to increase in 
dry summer months, decreasing Al toxicity due to competition with other ions. But at the same time 
pH is said to decrease. In theory a decrease in pH should increase Al toxicity, as low pH causes Al to 
become soluble, making the Al phytotoxic. Further understanding of the influence of moisture levels 
and ionic strength on Al toxicity may prove to be beneficial.  
Other soil physical properties such as soil C content, soil texture and structure could influence soil Al 
toxicity as they are key to a soils water holding properties. A soil with low water holding capacity will 
dry out faster, which could increase Al toxicity (resulting from decreased pH). In contradiction, a drier 
soil could also lead to higher ionic strength which is said to decrease Al toxicity. 
From this review of current literature it has become apparent that the there is only limited information 
on the relationship and interaction between soil Al toxicity and soil moisture levels. Therefore, the 
objective of this experiment was to determine the effect soil moisture has on soil exchangeable Al, Al 
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toxicity and carbon stocks of two high country soils from Central Otago, and how these factors 
influence the yield and nutrient uptake of ‘Nomad’ white clover.The hypothesis tested in this 
experiment is that the level of Al toxicity of a soil will change with a change in soil moisture. 
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Chapter 3 
Materials and Methods 
3.1 Soil Collection and Preparation 
Soil was collected from two sites in the Mackenzie Basin from Otago high country in the South Island 
of New Zealand. The first site (E 1355541, N 5068666) on Omarama Station on the 20th of January 2015. 
The soil from the second site (E 1397689, N 5134728) on Glenmore Station was collected on the 21st 
of January 2015 (Plate 3-1). A total of 200 kg of field moist top soil was collected from each site and 
brought back to Lincoln University. 
 
Plate 3-1: Collecting the soil for the experiment from Glenmore Station, January 2015. 
Omarama 
The Omarama soil is classified as a ‘Larbreck’, a Typic Othric Recent Soil . Soil texture was described as 
a sandy loam (top soil depth of 80 mm) when a soil pit was dug. Omarama Station is a high country 
station bordering the town of Omarama in the Mackenzie Basin. The altitude at this site is 489 m a.s.l. 
with a mean annual rainfall (1961 to 1990) of 546 mm that falls mainly in winter and spring. The 
Omarama site had not received any fertiliser additions, only livestock grazing. The mean annual 
temperature at the closest NIWA site, Tara Hills, Omarama (1961 to 1990) was 9.4˚C, with a January 
mean daily maximum of 22.8˚C and a July mean daily minimum of -2.6˚C (NIWA). 
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Glenmore 
The Glenmore soil is classified as upland ‘Humose’, Orthic Brown Soil in the current New Zealand Soil 
Classification (Hewitt, 1998). Soil texture was noted as a sandy loam (top soil depth of 150 mm) when 
a soil pit was dug. Glenmore station is a high country station on the southern shore of Lake Tekapo in 
the Mackenzie Basin. The altitude at this site is 720 m a.s.l. with a mean annual rainfall of 589 mm that 
falls mainly in winter and spring (Berenji, 2015). The mean annual temperature at Glenmore Station 
(1981 to 2010) was 8.7˚C, with a mean daily maximum of 15.2˚C in January and 1.6˚C in July (NIWA).  
Soil Preparation 
The field moist soil from each site was passed through a 5 mm sieve, with plant material and stones 
removed (Plate 3-2). The sieved soils were then mixed thoroughly (Plate 3-3). A series of small sub-
samples were taken from the homogenised sieved soils then bulked together background soil fertility 
analysis. The two samples were then air dried at 30˚C for four days. The oven dried samples were then 
passed through a 2 mm sieve before being analysed for a wide range of soil properties.  
    
    
Plate 3-4: Top left: A sod of Omarama soil before being pushed through the 5mm sieve. Top right: the clasts and plant 
material left in the sieve after the Omarama sod had been sieved. Bottom left: the raw sieved Omarama soil in a pile for 
mixing to homogenise the soil. Bottom right: the raw sieved Glenmore soil in a pile for mixing to homogenise the soil. 
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3.2 Soil Chemical and Texture Analysis 
Standard and advanced soil fertility analyses were carried out on the soil samples from both sites. The 
results from these analyses are presented in Table 3-1. The following tests were conducted to 
characterise the soils.  
Soil pH was measured at a water: soil ratio of 2.5:1 (Blackmore et al., 1972). The available phosphorus 
(P) in the soil was measured using the method of Olsen et al. (1954). P retention capacity was 
determined using methods from both Blackmore et al. (1972) and Saunders (1965). Total P 
concentration was determined using an acid digest, Kjeldahl digest procedure (Blackmore et al., 1987) 
and analysed for total P using molybdenum blue on a FIA (Flow Injector Analyser; Tecator Inc., 
Sweden). 
Table 3-1: Initial soil analysis results for Glenmore and Omarama Station soil from the Mackenzie Basin. These soils are 
used as texture comparisons in this experiment. 
 Initial Value 
Soil Analysis Glenmore Soil Omarama Soil 
pH 5.0 5.3 
Olsen Solution P  18 µg mL-1 9 µg mL-1 
CEC 21 me 100 g-1 11 me 100 g-1 
 Calcium 5 me 100 g-1 2 me 100 g-1 
QTU Magnesium 14 me 100 g-1 9 me 100 g-1 
 Potassium 7 me 100 g-1 6 me 100 g-1 
 Sodium 2 me 100 g-1 <1 me 100 g-1 
Base Saturation (Total) 42.3% 42.9% 
Sulphate Sulphur  15 µg g-1 <1 µg g-1 
Extractable Organic Sulphur  10 µg g-1 3 µg g-1 
Reserve Potassium  2.1 me 100 g-1 2.29 me 100 g-1 
P Retention (ASC)  42% 23% 
Anaerobic Mineral N  169 kg ha-1 50 kg ha-1 
Organic Matter 10.6% w/w 4.3% w/w 
Exchangeable Al  6.6 mg kg-1 3.8 mg kg-1 
Total Nitrogen 0.53% w/w 0.19% w/w 
Total Carbon  6.18% w/w 2.49% w/w 
Carbon:Nitrogen 11.7 13.1 
Resin P  31 mg kg-1 10 mg kg-1 
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Extractable soil sulphate was measured using a method by Searle (1979). The Metson (1975) method 
measured the reserve magnesium in the soil  and reserve potassium was determined by the methods 
of Blackmore et al. (1972), Metson et al. (1956) and Metson (1968). Soil extractable cations were tested 
using the method of Schollenberger and Simon (1945) and the Hesse (1971) method was used to 
measure the cation exchange capacity.  
Total C and N content of the soil were determined with the Dumas method of combustion (Horneck & 
Miller, 1998) using an elementar ‘Vario’ MAX CN Analyser (Elementar Analysensysnane, GmbH). The 
soil anaerobic mineralisable N was determined using a modified version of the methods of Waring and 
Bremner (1964), and Keeney and Bremner (1966). 
The soil exchangeable Al was measured using the 0.02 CaCl2 extraction method (Edmeades et al., 1983) 
then measured by the ICP-OES (Varian 720-ES ICP-OES; Varian Inc., Victoria, Australia). 
Soil texture analysis was performed by the Earth Sciences Department, Faculty of Science and 
Engineering at the University of Waikato using laser-based particle size analysis (Malvern Matersizer 
2000). The Omarama soil was found to be a sandy loam according to the soil texture triangle (Gee et 
al., 1986) and the Glenmore soil was found to be a loam. The exact percentages of each particle size 
are given below (Table 3-2). 
Table 3-2: Table of soil texture for the Omarama and Glenmore soils, giving exact percentage of clay, silt and sand. 
Soil 
Clay % 
(0.05 – 2 µm) 
Silt % 
(2 – 20 µm) 
Sand % 
(20 – 2000 µm) 
Soil Texture 
Omarama 9.34 35.93 54.53 Sandy Loam 
Glenmore 12.89 39.26 47.57 Loam 
 
3.3 Experimental Design 
3.3.1 Trial Set-up 
A pot trial was conducted under glasshouse conditions using the Lincoln University glasshouse facility. 
This trial examined ‘Nomad’ white clover, sown in two high country soils with a combination of three 
different rates of lime and one lime with phosphorus in a randomised block design. Sulphur was added 
at maintenance levels to all pots (120 kg S/ha). In addition to the fertiliser treatments there were also 
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three different moisture treatments, running the pots at either 20, 30 or 40% volumetric water content 
(VWC). The treatments Table 3-3, 4, 5 and 6. Each treatment combination (Table 3-7) was replicated 
four times for each soil, giving a total of 196 pots for the experiment. 
Table 3-3: Phosphorus rate (Calcium Phosphate monobasic monohydrate, 24.5% P) and treatment code used in glasshouse 
experiment. 
Phosphorus 
Rate 
(mg P/kg soil) 
Phosphorus 
Rate 
(kg P/ha) 
Incorporated 
rate 
(g P/pot) 
Surface 
applied rate  
(g P/pot) 
Total 
applied 
(g P/pot) 
Pot 
Treatment 
Code 
150 90 0.29 0.87 1.16 P 
 
Table 3-4: Sulphur rate (Gypsum, 18.6% S) applied to all pot treatments in glasshouse experiment. 
Sulphur Rate 
(kg S/ha) 
Incorporated rate 
(g S/pot) 
Surface applied rate  
(g S/pot) 
Total applied 
(g S/pot) 
120 0.16 0.68 0.84 
 
Table 3-5: Lime rates (100% CaCO3, laboratory grade) and treatment codes used in glasshouse experiment. 
Lime Rate 
(t lime/ha) 
Lime Rate 
(g CaCo3 /cm2 soil) 
Incorporated rate 
(g CaCo3/pot) 
Pot Treatment Code 
0 0.00 0.00 L0 
2 0.02 2.62 L2 
8 0.08 10.48 L8 
 
Two litre pots were used for this trial. Field moist soil for each pot was measured using a 1.9 litre scoop, 
levelled off at the top to make each volume equal, with the final level at 1-2cm below the top edge of 
the pot. The scoop of soil was placed into a bag before its specific nutrient treatments were 
incorporated. Specific weights of nutrients for each treatment were weighed and put into individual 
containers (Plate 3-5). These were then incorporated into the soil. Each bag of soil was emptied into a 
pot that was labelled with the corresponding pot codes then placed onto a saucer. Pot codes used are 
shown in the ‘pot code’ column of Table 3-3, 4, 5 and 6, with treatment combinations shown in Table 
3-7. All pots were then placed into the glasshouse and watered lightly on the 30th of January, 2015. 
 28 
    
Plate 3-5: Nutrients for the trial were weighed and put into individual containers before incorporation into the soil at 
potting. Left: The phosphorus was weighed and put into a container. Right: A metal spatula was used to measure out the 
nutrients for weighing on scales to two decimal places. 
Table 3-6: Soil Moisture treatments (VWC %) and treatment codes used in glasshouse experiment. 
Soil Type VWC (%) Treatment Code Pot Code 
GM 20 A GMA 
GM 30 B GMB 
GM 40 C GMC 
OM 20 A OMA 
OM 30 B OMB 
OM 40 C OMC 
 
Table 3-7: The experimental design of the nutrient and VWC treatments that were repeated for both soil types, with four 
replicates of each. 
Treatment 
Combinations VWC% 
 A (20%) B (30%) C (40%) 
L0 L0A L0B L0C 
L2 L2A L2B L2C 
L2P L2PA L2PB L2PB 
L8 L8A L8B L8B 
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3.3.2 Glasshouse Conditions 
The pot trial was carried out in the Aluminex Glasshouse at Lincoln University. The temperature in the 
glasshouse is monitored automatically every two hours for the trial period. The glasshouse has an 
automated system that adjusts temperature. The heat in the glasshouse turns on when temperatures 
drop below 17˚C, but can get to 14˚C on a frosty morning. The vents open when temperatures get 
above 23˚C and if it keeps increasing then the fans turn on also. Maximum and minimum temperatures 
are taken every morning Monday to Friday during the trial period. Mean daily temperature during the 
experiment (4th of February, 2015 – 5th of October, 2015) was 19˚C, with temperatures ranging 
between 9˚C and 34˚C. 
3.3.3 Plant Establishment 
Nomad white clover was sown in all pots due to its medium tolerance to Al toxicity, making it a good 
plant to use as a bio-indicator. Seeds were sown at a rate of 20 seeds/pot, in an arrangement of five 
groups of 4 seeds/pot. A small scoop of soil was taken from the surface of the pot before sowing then 
added back in a thin layer on top of the seed, which was then firmed down before being lightly 
watered. Seed was sown on the 4th of February, 2015 at a depth of 1-2 mm. Plate 3-6 shows the white 
clover seedlings 19 days after sowing. 
 
Plate 3-6: All of the pots in the glasshouse experiment (23.2.2015), showing newly established seedlings before thinning. 
Seedlings were thinned to a density of 5 plants per pot-1 on the 24th of February, 2015 (Plate 3-7). The 
seed used in this experiment was uncoated. 
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Plate 3-7: Left: two treatments in the glasshouse experiment showing white clover seedlings before thinning (24.2.2015), 
Right: one of the treatments in the glasshouse experiment showing white clover seedlings after thinning (24.2.2015). 
3.3.4 Innoculation 
All white clover plants were inoculated on the 26th of February 2015, the weather was cool and 
overcast. The inoculant used was ‘Nodulaid’ Group B, specific for white clover designed for slurry 
application. Two litres of water was mixed with 50g of ‘Nodulaid’ inoculated peat to create the slurry. 
It was left for 15 minutes with occasional mixing. The mixture was applied at 20 ml/pot, poured around 
the base of the plants in a circle, shown in Plate 3-8. After application of the inoculant slurry, all pots 
were watered lightly using a hose with shower nozzle attachment. 
 
Plate 3-8: Inoculation of all white clover plants in experiment with Group B ‘Nodulaid’ on the 26th of February 2015. 
Circular application of inoculant slurry around the base of the white clover seedlings. 
At the time of inoculation most plants had their first trifoliate leaf emerging. Two plants had only 
cotyledons. The heights of the plants ranged from one to three centimetres.  
3.3.5 Trial Management 
Due to the warm conditions in the glasshouse insects needed to be controlled. Insecticide sprays were 
used to control specific insect pests. To control aphids a Pyrethrum insecticide spray was applied to all 
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of the pots. The insecticide used, Key Pyrethrum, contains 14 g L-1 pyrethrum and 56.5 g L-1 piperonyl 
butoxide in the form of an emulsifiable concentrate. All pots were sprayed for aphids on the following 
dates; 17th of March, 7th & 12th of May 2015. Talstar 80 SC insecticide spray was used on all pots to 
control thrips on the 8th of July 2015.  
  
Plate 3-9: Yellow sticky traps set up in the glasshouse to keep whitefly and aphid numbers down and protect the white 
clover in the trial. 
Sticky paper traps were also set-up in the glasshouse to help reduce pest insect numbers. These attract 
flying pest insects, which then get stuck to the paper. Yellow sticky boards were put up in February, 
which are used to catch whitefly and aphids (Plate 3-9). Blue sticky boards were put up at the end of 
May to catch thrips. To control the mites a mectin milbemectin (Mit-E-Mec) insecticide spray was used. 
All pots were sprayed for mites on the 4th of September 2015. 
Pots were weeded throughout the experiment, removing other plants from the soil. Plants were also 
counted throughout the experiment and were re-sown if noted to have less than five per pot-1. 
3.4 Soil Moisture and Water Management 
3.4.1 Soil Moisture Probe Calibration 
A soil moisture calibration was used to calculate the relationship between VWC of the soil, using the 
volumetric water/temperature sensors (5TM, Decagon Devices, Pullman, WA USA) and the dielectric 
Hydrosense probe reading. Samples of both soils, Omarama and Glenmore were taken and set up at 
1900 cm3 in a 2 L pot using the same method as the glasshouse trial. This ensured the same bulk 
density. Volumetric water/temperature sensors were then inserted into each soil. Water was added in 
10% VWC increments, taking readings from both the moisture sensor and Hydrosense probe to 
calculate a calibration curve.  
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The calibration equation for the Glenmore soil volumetric water content was y = 0.053x3 - 1.01x2 + 
6.5896x - 3.2893, with R² = 0.9809 (Figure 3-2). The calibration equation for the Omarama soil 
volumetric water content was y = -0.0063x3 + 0.2491x2 - 0.9057x + 4.8717, with R² = 0.992 (Figure 3-4). 
The Topp equation, Θ (m3/m3) = 4.3 X 10-6 * ε3 - 5.5 X 10-4 * ε2 + 2.92 X 10-2 * ε -5.3 X 10-2, uses the 
apparent dielectric constant of the soils to determine their volumetric water content (Topp et al., 
1980). The Topp equation gave a fairly accurate reading of the moistures but started diverging at the 
wet end of the calibration. The Topp equation was used for the addition of water through the irrigation 
system from the instalment of the equipment until the 24th of June, when the correct (Figure 3-2 and 
Figure 3-4) soil calibration equations were put into data logger. 
 
Figure 3-1: Glenmore soil comparison of Topp equation, D5TM moisture sensor and Hydrosense at each water content 
compared to the reference volumetric water content (VWC%) calculated using the exact soil dry weight. 
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Figure 3-2: The calibration curve and equation for the Glenmore soil, calculated using the volumetric water content (VWC%) 
reference which was taken from exact soil oven dry weights. 
 
 
Figure 3-3: Omarama soil comparison of Topp equation, D5TM moisture sensor and Hydrosense at each water content 
compared to the reference volumetric water content (VWC%) calculated using the exact soil dry weight. 
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Figure 3-4: The calibration curve and equation for the Omarama soil, calculated using the VWC% reference which was 
taken from exact soil oven dry weights. 
3.4.2 Irrigation Instalment 
Irrigation equipment was set up on the 12th of March, 2015. The irrigation system consists of 4 sub-
mains supplying water for potted plants under four different irrigation regimes , one for a neighbouring 
trial and three for this trial (Table 3-6). A detailed diagram of the irrigation set-up and the components 
involved can be found in Appendix A. Water from each sub-main is supplied to the pots via pressure 
compensated Antelco Pinch Drip Emitters (rate 2 L/hour) and small water distribution tubes (Plate 3-
10). Each sub- main is supplied water from a data logger controlled Hunter 9Volt latching solenoid 
valve (Plate 3-11).  
 
Plate 3-10: Image of the pressure compensated Antelco Pinch Drip Emitters (rate 2L/h) and small water distribution tubes. 
Two drip emitters without distribution tube attached and one with tube attached. 
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The moisture levels used in this trial are shown in Table 3-6 and Table 3-7, changes made to these 
levels are shown in Table 3-8. Pots were all watered lightly 1-2 times per day, with no moisture 
treatment differences until the irrigation system was fully operational on the 17th of April. The 
irrigation control system consists of a Campbell Scientific CR23X data logger and relays. 
Table 3-8: Changes made during this glasshouse experiment to the three different soil moisture level treatments and the 
dates that they were implemented. 
 Soil Moisture Treatments (VWC% w/w) 
Date A B C  Flux (+ or - %) 
17.4.2015 20 30 40 3 
21.4.2015 17 23 30 3 
8.5.2015 17 23 33 3 
 
Pressure to the system is controlled with a pressure regulator and the pressure is monitored by a 
pressure switch connected to the data logger. Strategic pots are instrumented with Decagon 5TM 
volumetric water/temperature sensors and monitored by the Data Logger (Plate 3-11). The volumetric 
water/temperature sensors were inserted into six of the pots on the 2nd of April, two in each moisture 
treatment with one for each soil type in that treatment as shown in Table 3-9. Pots were selected 
randomly using a Microsoft Excel random number selection. These were connected to a data logger 
which takes readings once every 20 seconds, measuring average soil moisture and temperature for 
each sensor. 
Table 3-9: The pot number of the six pots that were measured using soil moisture sensors. Three sensors for each soil, with 
one in each moisture treatment. Six soil moisture sensors in total. 
 Moisture Sensor Pot Numbers  
Soil Moisture Treatment Omarama  Glenmore 
A (17% VWC) 8 59 
B (23% VWC) 20 77 
C (33% VWC) 43 85 
 
The Data Logger keeps soil moisture within the pots to specified ranges, by monitoring the soil 
moisture and applying water when necessary by controlling the irrigation system’s solenoid valves. 
The Data logger also monitors the pressure switch and the power supply to the system.  If either of 
these show a fault then the Data Logger will prevent the system from attempting to apply irrigation. 
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Plate 3-11: Left: The data logger used to record soil moisture probe data on temperature and moisture, also used to trigger 
the irrigation. Right: The soil moisture probes used in the experiment to take readings of soil moisture levels and soil 
temperature. They were connected to a data logger and used to trigger the irrigation. 
3.4.3 Soil Moisture Maintenance 
   
Plate 3-12: Left: tape attached to the Omarama soil irrigation tubes for moisture treatment A. Right: irrigation tubes for 
moisture treatment C with Omarama soil detached, applying irrigation only to Glenmore soil. 
The Glenmore soil dried out more rapidly than the Omarama soil. To counter this, additional water 
was applied to the Glenmore soil. Initially this was done using a Hydrosense probe, inserting the probe 
into each pot, recording the moisture level and adding a certain volume of water to bring them all to 
the same level. The irrigation system was then used to balance the soils. Tape was attached to the 
irrigation tubes of the Omarama soil, this allowed for the tubes to be removed and irrigation applied 
solely to the Glenmore soil (Plate 3-12). 
3.5 Measurements 
3.5.1 Shoot Yield 
Plants were initially harvested after 14 weeks then every 6 to 9 weeks. A total of 4 harvests were 
conducted for this trial, on 11th of May, 3rd of July, 3rd of September and 5th of October, dependant on 
plant growth rates. The glasshouse trial, before harvest and after harvest are shown in Plate 3-13 and 
Plate 3-14. 
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Plate 3-13: The glasshouse experiment before the first harvest (11.5.2015). 
 
Plate 3-14: The glasshouse experiment after the first harvest (11.5.2015). 
For each harvest the plants were lifted and cut at 5 cm above the soil level. The foliage was placed in 
a small paper bag label with the number and date (Plate 3-15), then oven dried at the Lincoln University 
Field Service Centre at 70˚C for 48 hours. The herbage samples were then weighed on a two decimal 
balance (Mettler Toledo PB1502, FSC, Lincoln University) to obtain the dry weight for each sample as 
seen in Plate 3-16. The weight represented shoot yield (g DM/pot) for the given growth period. 
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Plate 3-15: Left: The white clover being held up to be harvested. Centre: The harvesting of the white clover in the trial was 
at 5cm above soil level. Right: The cut herbage samples were placed into labelled paper bags for drying. 
 
Plate 3-16: Herbage samples at the Lincoln University Field Service Centre being weighed for shoot dry matter yield. 
3.5.2 Plant Tissue Analysis 
Herbage samples were bulk sampled on an individual pot basis. The bulked samples were then ground 
(Glen Creston DFH 48, Stanmore, England). 
All bulked samples underwent nutrient analysis as follows: 
0.5 g of herbage sampled was weighed into a microwave vessel, 2.5 mL of Trace Element grade Nitric 
acid and 2.5 mL of 30% hydrogen peroxide was added. Each tube was sealed and placed into a vortex 
to ensure the contents was mixed thoroughly. The sample was then placed on a turntable in the cavity 
of the Microwave Digester (CEM MARS Xpress 0-1600 watts +- 15%). The tubes of sample were placed 
on a Teflon PFA and Kevlar where samples were subjected to rapid heating and rising pressures which 
digested the acids over a short period of time. The temperature for the plant samples was increased 
to 90˚C for 15 minutes and held for 5 minutes, then increased to 180˚C for 10 minutes and held for a 
further 15 minutes. Samples are always tested against a blank and reference sample. Samples were 
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analysed for a complete range of elements (excluding N) using Inductively Coupled Plasma Optical 
Emission Spectrophotometer (Varian 720-ES ICP-OES; Varian Pty Ltd, Melbourne, Australia). 
Ground plant samples were also analysed for nitrogen content. Samples were analysed for crude 
protein concentration using an FOSS NIRsystem 3700 Near Infra-Red Spectrophotometer (NIRS; 
Riddolls Building, Lincoln University).  
3.5.3 Final Soil Sampling 
Soil cores (0 – 7.5 cm) were taken from each of the 96 pots of the glasshouse experiment. Each core 
was placed into a bag labelled with the corresponding pot number (1-96) and sent to the commercial 
ARL lab (Napier) for analysis. The soil cores were analysed for extractable Al and pH, as per Section 3.2. 
Samples were also bulked by a no additional phosphorus or additional phosphorus treatment basis 
and analysed for Olsen P, sulphate sulphur, Ca, Mg, K, Na, CEC and BS% (Table 3-10). 
Table 3-10: Average soil test results for the Omarama and Glenmore Soil for the bulk samples for the treatments with 
additional phosphorus, or no additional phosphorus. Fertiliser treatments L0: no lime, L2: 2 t lime/ha, L8: 8 t lime/ha, L2P: 
2 t lime/ha with 150 mg P/kg soil. 
 
Bulked Fertiliser Treatments 
Additional P 
(150 mg P/kg soil) 
L2P 
No Additional P 
L0, L2 & L8 
Olsen P  (µg/mL) 18 7 
Sulphate - S QTU 12 10 
Calcium me/100g 8 11.4 
Magnesium me/100g 0.64 0.73 
Potassium me/100g 0.16 0.18 
Sodium me/100g 0.11 0.21 
CEC me/100g 17 17 
Base Saturation % 51.2 73.6 
3.6 Statistical Analysis 
DM yield, herbage and soil data will be analysed by an analysis of variance (ANOVA) using ‘Genstat 
16.0’ (VSN International) to determine any treatment effects and further more to test the hypothesis 
of the experiment. In Genstat a three - way ANOVA (in randomised blocks) was carried out, to 
determine if soil moisture content was significant in terms of yields, nutrient concentrations, soil pH 
and exchangeable Al. 
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Chapter 4 
Results 
4.1 Shoot Yield 
Total shoot yield varied (P<0.01) between moisture treatments (Table 4-1). Total yields ranged from 
8.7 g DM/pot for moisture treatment A (17% VWC) to 9.5 g DM/pot for treatment B (23% VWC). The 
shoot yields also differed (P<0.001) between soil types (Table 4-1). Omarama soils yielded less 
(P<0.001) than all of the Glenmore soil treatments, irrespective of moisture level. Omarama yields 
ranged from 7.3 g DM to 8.6 g DM, while Glenmore yielded 10.2 to 11.5 g DM. Glenmore soil moisture 
treatment B  (23% VWC) yielded higher (P<0.001) at 11.5 g DM, than any other moisture treatments 
for both soils.  
Table 4-1: Mean total shoot dry matter yields of white clover when grown in two acidic high country soils under glasshouse 
conditions. L0: no lime, L2: 2 t lime/ha, L2P: 2 t lime/ha with 150 mg P/kg soil, L8: 8 t lime/ha. Moisture treatments VWC%. 
Significant rate term for total yield. Significant interaction term for Omarama and Glenmore soils. Means with the same 
letter are not significantly different. 
  
Overall Mean  
Total Shoot Yield 
Omarama Soil Mean 
Total Shoot Yield 
Glenmore Soil Mean 
Total Shoot Yield 
  (g DM/pot) (g DM/pot) (g DM/pot) 
Moisture Treatment       
 A - 17% 8.7 a 7.3 a 10.2 c 
 B - 23% 9.5 b 7.4 a 11.5 d 
 C - 33% 9.4 b 8.6 b 10.2 c 
Moisture SEM 0.17  0.23  0.23  
 LSD (5%) 0.47  0.66  0.66  
P Moisture **  ***  ***  
Fertiliser Treatment       
 L0 7.2 a 5.0 a 9.4 c 
 L2 7.5 a 5.2 a 9.7 cd 
 L2P 12.5 b 11.8 b 13.3 e 
 L8 9.6 c 9.0 c 10.2 d 
Fertiliser SEM 0.19  0.27  0.27  
 LSD (5%) 0.54  0.76  0.76  
P Fertiliser ***  ***  ***  
Interactions        
P Fertiliser x Moisture  ns    
 Fertiliser x Moisture x Soil ns    
*** Significant at P< 0.001 level, ** significant at P<0.01 level, * significant at P< 0.05 level, ns - no significant difference 
Total shoot yields varied between fertiliser treatments (P<0.001) and an interaction (P<0.001) between 
fertiliser treatment and soil types was observed (Table 4-1). The mean total yield of the fertiliser 
treatment containing phosphorus and 2 t lime/ha (L2P) was highest (P<0.001). The L2P treatment 
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shoot yield on the Glenmore soil was 13.3 g DM/pot, while for the Omarama soil it was 11.8 g DM/pot. 
When only 2 t lime/ha (L2) was applied shoot yield was less (P<0.001) for both soils, Glenmore shoot 
yield was 9.7 g DM/pot and Omarama was only 5.2 g DM/pot. Yields increased as the rate of lime 
applied increased, where total yield for L0 (0 t lime/ha rate), L2 (2 t lime/ha) and L8 (8 t lime/ha) 
fertiliser treatments were 7.2, 7.5 and 9.6 g DM/pot respectively. 
A highly significant (P<0.001) moisture treatment by soil interaction was observed, while there was no 
fertiliser by moisture treatment or three way interaction. 
4.2 Shoot Nitrogen 
Shoot nitrogen did not differ between moisture treatments (Table 4-2). However shoot nitrogen 
uptake (soil N uptake + N2 fixation) did vary (P<0.001) between moisture treatments. Mean total shoot 
nitrogen uptake in moisture treatment A (17% VWC) was less (P<0.001) than both the C and B moisture 
treatments. Moisture treatment B (23% VWC) mean total shoot nitrogen uptake was 40 mg N/pot 
greater than moisture treatment A. 
The shoot nitrogen concentration and uptake both differed (P<0.001) between fertiliser treatments 
(Table 4-2).  The L2P (2 t lime/ha with 150 mg P/kg soil) shoot nitrogen concentration and uptake were 
both greater than for all other fertiliser treatments. Unlike yield, there was no significant increase in 
nitrogen concentration or uptake between fertiliser treatments L0 (0 t lime/ha rate) and L2 (2 t 
lime/ha). The L8 (8 t lime/ha) treatment caused an increase in nitrogen concentration of 0.3% and an 
increase in N uptake by 22 mg N/pot compared to the L2 fertiliser treatment (Table 4-2). 
Shoot nitrogen concentration (P<0.01) and uptake (P<0.001) varied between soil types (Table 4-2). The 
Glenmore soil had greater nitrogen concentration and uptake at 4.9% and shoot uptake of 519 mg 
N/pot compared to the Omarama shoot nitrogen at 4.7% and shoot uptake of 371 mg N/pot. 
Interaction effects were observed between the soil type and moisture treatment (P<0.001), and soil 
type and fertiliser treatment (Table 4-2). However the only interaction for nitrogen concentration was 
between soil type and moisture treatment (P<0.05). 
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Table 4-2: Values of mean total shoot yield nitrogen percentage and uptake for white clover when grown in two acidic high 
country soils under glasshouse conditions. L0: no lime, L2: 2 t lime/ha, L2P: 2 t lime/ha with 150 mg P/kg soil, L8: 8 t 
lime/ha. Moisture treatments VWC%. Means with the same letter are not significantly different. 
  Total Shoot N  
Mean Total Shoot 
N Uptake 
  (%)  (mg/pot) 
Moisture Treatment      
 A - 17% 4.7  419 a 
 B - 23% 4.8  459 b 
 C - 33% 4.8  457 b 
Moisture SEM 0.04  8.0  
 LSD (5%) 0.12  22.6  
P Moisture ns  ***  
Fertiliser Treatment      
 L0 4.6 a 330 a 
 L2 4.6 a 346 a 
 L2P 5.1 b 637 b 
 L8 4.9 c 468 c 
Fertiliser SEM 0.05  9.2  
 LSD (5%) 0.14  26.0  
P Fertiliser ***  ***  
Soil Type      
 Omarama 4.7 a 371 a 
 Glenmore 4.9 b 519 b 
Soil SEM 0.36  6.5  
 LSD (5%) 0.10  18.4  
P Soil **  ***  
Interactions      
Fertiliser x Moisture  ns  ns  
Fertiliser x Soil  ns  ***  
Soil x Moisture  *  ***  
Fertiliser x Moisture x Soil ns  ns 
 
*** Significant at P< 0.001 level, ** significant at P<0.01 level, * significant at P< 0.05 level, ns - no significant difference 
4.3 Shoot Nutrients 
4.3.1 Shoot Nutrient Concentrations 
The moisture treatments caused variation in shoot phosphorus (P) and manganese (Mn) (P<0.001) 
concentrations (Table 4-3). Moisture treatment A (17 % VWC) shoots contained less P, 2650 mg P/kg 
DM compared to moisture treatments B (23% VWC) and C (33% VWC) at 2950 and 2900 mg P/kg DM 
respectively. However shoot Mn concentrations showed an opposing trend, with a higher 
concentration (P<0.001) in moisture treatment C of 79 mg Mn/kg than both A, 62 mg Mn/kg and B 64 
mg Mn/kg (Table 4-3). 
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Table 4-3: Values of shoot yield, P, Zn, Mn, Mo, B and Al concentrations for white clover when grown in two acidic high 
country soils under glasshouse conditions. L0: no lime, L2: 2 t lime/ha, L2P: 2 t lime/ha with 150 mg P/kg soil, L8: 8 t 
lime/ha. Moisture treatments VWC%. Means with the same letter are not significantly different. 
 
Mean 
Shoot 
 Mean 
shoot 
 
Mean 
shoot 
 
Mean 
Shoot 
 
Mean 
Shoot  
 
Mean 
Shoot 
 
  [P]   [Zn]  [Mn]  [Mo]  [B]  [Al]  
  (mg/kg) (mg/kg) (mg/kg)  (mg/kg) (mg/kg)  (mg/kg) 
Moisture 
Treatment   
 
 
 
 
 
 
 
 
 
 
 
 A - 17% 2650 a 25  62 a 0.29  30  74  
 B - 23% 2950 b 26  64 a 0.35  29  90  
 C - 33% 2900 b 25  79 b 0.35  31  78  
Moisture SEM 43  0.5  3.1  0.046  0.6  9.5  
 LSD (5%) 122  1.4  8.8  0.130  1.8  26.8  
P 
Moistur
e 
***  ns  ***  ns  ns  ns  
Fertiliser 
Treatment   
 
 
 
 
 
 
 
 
 
 
 
 L0 2334 a 29 a 111 a 0.08 a 35 a 107 a 
 L2 
2242 a 24 b 70 b 0.22 a 33 a 82 
a
b 
 L2P 4015 b 27 c 54 c 0.11 a 30 b 73 b 
 L8 2741 c 21 d 38 d 0.91 b 22 c 61 b 
Fertiliser SEM 50  0.6  3.6  0.053  0.7  11.0  
 LSD (5%) 141  1.6  10.2  0.150  2.1  30.9  
P Fertiliser ***  ***  ***  ***  ***  *  
Soil Type              
 
Omaram
a 
2730 a 24 a 64 a 0.29  34 a 74  
 
Glenmor
e 
2937 b 27 b 72 b 0.37  27 b 78  
Soil SEM 35  0.4  2.5  0.038  0.5  9.5  
 LSD (5%) 100  1.1  7.2  0.106  1.5  26.8  
P Soil ***  ***  *  ns  ***  ns  
Interactions              
Fertiliser x 
Moisture  ns 
 
ns 
 
ns 
 
ns 
 
ns 
 
ns 
 
Fertiliser x Soil  ***  **  *  ns  ***  ns  
Soil x Moisture  *  ns  ns  ns  *  ns  
Fertiliser x Moisture x Soil ns  ns  ns  ns  ns  ns  
*** Significant at P< 0.001 level, ** significant at P<0.01 level, * significant at P< 0.05 level, ns - no significant difference 
 NB: Yields are from a cutting height of 5 cm above the soil and herbage nutrient concentrations are of all harvests 
All nutrient concentrations varied between fertiliser treatments (Table 4-3). Phosphorus, zinc (Zn), Mn, 
molybdenum (Mo) and boron (B) had differences (P<0.001) between fertiliser treatments. Zinc, Mn 
and B concentrations were greatest in the fertiliser treatments with no lime, which then decreased 
with additional lime, except for Zn which peaked in the L2P treatment again (Table 4-3). Manganese 
concentrations were significantly higher (P<0.001) in treatment L0 (111 mg Mn/kg). Molybdenum 
concentrations were greatest at high lime rates and decreased with decreased lime. Phosphorus shoot 
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concentration was highest in the L2P fertiliser treatment at 4015 mg P/kg DM. The highest lime 
treatment also had higher P concentrations than L0 and L2 treatments. Shoot aluminium (Al) 
concentrations were also found to be different (P<0.05) between fertiliser treatments (Table 4-3). 
Aluminium concentrations were highest in the L0 treatment (107 mg Al/kg DM) and lowest in the L8 
treatment at (61 mg Al/kg DM). 
Phosphorus, Zn and B shoot concentrations varied (P<0.001) between soil types (Table 4-3). 
Phosphorus and Zn shoot concentrations were greatest in the Glenmore soil, while shoot B 
concentrations were greater in the Omarama soil at 33.7 mg B/kg DM compared to 26.5 mg B/kg DM. 
Soil type also had an affect (P<0.05) on shoot Mn concentrations (Table 4-3). The Glenmore soil shoot 
B concentration was 7.5 mg greater than the B shoot concentration for the Omarama soil. 
There was no significant interactions found for any shoot nutrient concentrations between fertiliser 
treatment and moisture, or for the three way interaction (Table 4-3). However there was an interaction 
between fertiliser treatment and soil type for shoot concentrations of P (P<0.001), B (P<0.001), Zn 
(P<0.01) and Mn (P<0.05). Soil type and moisture treatment were also found to have interactions 
(P<0.05) with shoot P and B concentrations. 
4.3.2 Shoot Nutrient Uptake 
Moisture treatment caused differences (P<0.001) in shoot phosphorus (P) and manganese (Mn) uptake 
(Table 4-4). Phosphorus and Mn uptakes followed the same trends as their concentrations explained 
in section 4.3.1. Zinc (P<0.01) and B (P<0.05) shoot uptake were also different between moisture 
treatments. Moisture treatment A (17 % VWC) shoots took up less Zn (229 mg Zn/kg DM) compared 
to moisture treatment B (23% VWC) (241 mg Zn/kg DM). Shoot B uptake had the opposite trend, with 
higher concentrations in moisture treatment C than both A and B (Table 4-4). 
Phosphorus, zinc (Zn), Mn, molybdenum (Mo) and boron (B) were found to have differences (P<0.001) 
between fertiliser treatments (Table 4-4). Phosphorus shoot uptake was highest in the L2P fertiliser 
treatment at 50.5 mg P/kg DM. The highest lime treatment (L8) also had higher P shoot uptake 
(P<0.001) than L0 and L2 fertiliser treatments. Manganese and B shoot uptake peaked in the L2P 
fertiliser treatment but followed a trend of higher concentrations in the no lime fertiliser treatment 
(L0), which then decreased with additional lime (Table 4-4). Molybdenum concentrations were 
greatest at high lime rates and decreased with the decrease in lime rates. Shoot aluminium (Al) uptake 
was also found to be significantly (P<0.01) different between fertiliser treatments (Table 4-4). 
Aluminium shoot uptake was highest in the L2P treatment at 909 µg Al/kg DM. Excluding the L2P 
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treatment, Al shoot uptake tended to decrease as more lime was applied with the L0 treatment at 754 
µg Al/kg DM and the lowest Al uptake in the L8 treatment at 587 µg Al/kg DM. 
Phosphorus, Zn, Mn and Al shoot concentrations varied (P<0.001) between soil types (Table 4-4), with 
highest shoot uptake in the Glenmore soil. The soils also varied in shoot Mo (P<0.01) and B (P<0.05) 
uptake (Table 4-4). The Glenmore soil shoot Mo and B uptake was greater than the Omarama soil. 
Table 4-4: Values of mean total shoot yield uptake of P, Zn, Mn, Mo, B and Al concentrations for white clover when grown 
in two acidic high country soils under glasshouse conditions. L0: no lime, L2: 2 t lime/ha, L2P: 2 t lime/ha with 150 mg P/kg 
soil, L8: 8 t lime/ha. Moisture treatments VWC%. 
 
Mean 
Shoot 
Uptake 
Mean 
Shoot 
Uptake 
Mean 
Shoot 
Uptake 
Mean 
Shoot 
Uptake 
Mean 
Shoot 
Uptake 
Mean 
Shoot 
Uptake 
  [P]  [Zn] [Mn] [Mo] [B] [Al] 
  (mg/kg) (µg/kg) (µg/kg) (µg/kg) (µg/kg) (µg/kg) 
Moisture Treatment       
 A - 17% 24.4 221 525 2.6 251 636 
 B - 23% 29.8 249 588 3.4 271 794 
 C - 33% 29.3 236 684 3.5 284 731 
Moisture SEM 0.72 5.9 25.3 0.44 8.8 62.2 
 LSD (5%) 2.03 16.7 71.4 1.23 24.7 175.3 
P Moisture *** ** *** ns * ns 
Fertiliser Treatment       
 L0 17.2 207.7 825 0.6 250 754 
 L2 17.2 186.8 524 1.6 241 631 
 L2P 50.5 340 683 1.5 371 909 
 L8 26.4 207.2 364 9.0 211 587 
Fertiliser SEM 0.83 6.83 29.2 0.50 10.1 71.8 
 LSD (5%) 2.35 19.27 82.4 1.42 28.5 202.5 
P Fertiliser *** *** *** *** *** ** 
Soil Type        
 Omarama 23.4 182.3 454 2.4 258 574 
 Glenmore 32.2 288.6 744 4.0 278 866 
Soil SEM 0.59 4.83 20.7 0.36 7.1 50.7 
 LSD (5%) 1.66 13.62 58.3 1.01 20.2 143.2 
P Soil *** *** *** ** * *** 
Interactions       
Fertiliser x Moisture * ns ns ns ns ns 
Fertiliser x Soil *** *** *** ns *** ns 
Soil x Moisture *** *** * ns *** ns 
*** Significant at P< 0.001 level, ** significant at P<0.01 level, * significant at P< 0.05 level, ns - no significant difference 
 NB: Yields are from a cutting height of 5 cm above the soil and herbage nutrient concentrations are of all harvests 
Phosphorus, Zn, Mn and B, all had fertiliser treatment by soil interactions (P<0.001; Table 4-4). 
Fertiliser by moisture treatment interaction was observed for P shoot uptake (P<0.05). A soil type by 
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moisture treatment interaction was observed for P, Zn, B (P<0.001) and Mn (P<0.05).There was no 
significant interactions found for any shoot nutrient concentrations between fertiliser treatment and 
moisture, or for the three way interaction (Table 4-4).  
4.4 Soil, Carbon Acidity and Exchangeable Al 
Soil carbon 
The Glenmore soil has a higher total soil carbon than the Omarama soil (Table 4-5). The Glenmore soil 
has a total soil carbon concentration of 6.18% w/w, compared to the Omarama soil which only has a 
total carbon concentration of 2.49% w/w. 
Carbon storage is expressed in units of kg C/m2, mass of C per unit area over sample depth. Calculated 
as the C content (C% soil w/w) by bulk density (kg soil/m3) by the sampling depth (0.15 m). The 
Glenmore was calculated to have more carbon storage, 6.86 kg C/m2 than the Omarama soil, 3.51 kg 
C/m2 (Table 4-5).  
Table 4-5: Mean soil total carbon content for Omarama and Glenmore soils for the top 0 – 15 cm. 
  Soil Type 
 Core Length Omarama Glenmore 
Total Soil Carbon 0-15 cm 2.49% w/w 6.18% w/w 
Bulk Density  940 kg/m3 740 kg/m3 
Carbon Storage   3.51 kg C/m2 6.86 kg C/m2 
 
Soil pH 
Moisture treatment was not found to affect soil pH levels (Table 4-6). However, soil pH did vary 
significantly (P<0.001) between fertiliser treatments (Table 4-6). Soil pH levels increased as the rate of 
lime increased. The L8 treatment had a significantly (P<0.001) higher soil pH of 7.2 than all other 
fertiliser treatments. Soil types were also observed to have different soil pHs (Table 4-6). The Omarama 
soil was found to have a higher (P<0.001) mean soil pH of 6.5 soil than the Glenmore soil at pH 5.9. 
There were no soil pH treatment interactions (Table 4-6). 
Soil Exchangeable Aluminium 
Exchangeable Al did vary significantly (P<0.001) between fertiliser treatments (Table 4-6). 
Exchangeable Al levels decreased as the rate of lime increased. The L0 treatment had higher levels 
(P<0.001) of exchangeable Al (3.0 mg Al/kg soil) than all other fertiliser treatments. Soil types were 
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observed to have different levels of exchangeable Al (P<0.001; Table 4-6). The Glenmore soil had 
higher mean exchangeable Al (2.6 mg Al/kg soil) than the Omarama soil (0.7 mg Al/kg soil). 
Interactions were observed between fertiliser treatment by soil type (P<0.001), and moisture 
treatment by soil type (P<0.05; Table 4-6). A three way interaction between soil type, moisture and 
fertiliser treatments was also observed (P<0.01).  
Moisture treatment was not found to significantly affect soil exchangeable Al levels (Table 4-7). 
Exchangeable Al varied between fertiliser treatments for both soils. Omarama L0 fertiliser treatment 
had higher (P<0.001) exchangeable Al, 1.1 mg/kg than the other fertiliser treatments. Glenmore L0 
had higher (P<0.001) exchangeable Al, 4.9 mg/kg and fertiliser treatment L8 had much lower (P<0.001) 
exchangeable Al, 1.3 mg/kg. 
Interactions between fertiliser and moisture treatments were not observed for the Omarama soil 
(Table 4-7). Glenmore was observed to have a fertiliser by moisture treatment interaction (P 0.016; 
Table 4-8). The L0, B moisture treatment had lower (P = 0.016) exchangeable Al, 4 mg Al/kg, than both 
the A and C moisture treatments, 5 and 5.6 mg Al/kg respectively. This interaction is also shown in 
Figure 4-1. Fertiliser treatments L0 is the only fertiliser treatment that was found to vary significantly 
(P=0.016) between moisture treatments (Table 4-8). The Omarama soil was not found to have a 
significant interaction between soil moisture and fertiliser treatments (Table 4-9), which can also be 
seen in Figure 4-2. 
The addition of P to the soil did not make a significant difference in exchangeable Al concentrations 
when you compare the fertiliser treatment L2, lime without P, to the L2P, lime with P treatment (Table 
4-6). 
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Table 4-6: Mean soil pH and exchangeable aluminium levels across the moisture, fertiliser and soil treatments. L0: no lime, 
L2: 2 t lime/ha, L2P: 2 t lime/ha with 150 mg P/kg soil, L8: 8 t lime/ha. Moisture treatments VWC%. Means with the same 
letter are not significantly different. 
 
Mean 
Soil pH  
Mean Soil 
Exchangeable Al 
    (mg/kg)  
Moisture Treatment A - 17% 6.1  1.8  
 B - 23% 6.2  1.6  
 C - 33% 6.2  1.6  
Moisture SEM 0.02  0.09  
 LSD (5%) 0.06  0.25  
P Moisture ns  ns  
Fertiliser Treatment L0 5.6 a 3.0 a 
 L2 6.0 a 1.4 b 
 L2P 5.9 a 1.4 b 
 L8 7.2 b 1.0 c 
Fertiliser SEM 0.02  0.10  
 LSD (5%) 0.07  0.29  
P Fertiliser ***  ***  
Soil Type Omarama 6.5 a 0.7 a 
 Glenmore 5.9 b 2.6 b 
Soil SEM 0.02  0.07  
 LSD (5%) 0.05  0.20  
P Soil ***  ***  
Interactions     
Fertiliser x Moisture ns  *  
Fertiliser x Soil ns  ***  
Soil x Moisture ns  ns  
Fertiliser x Moisture x Soil ns  **  
*** Significant at P< 0.001 level, ** significant at P<0.01 level, * significant at P< 0.05 level, ns - no significant difference 
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Table 4-7: Mean soil exchangeable aluminium levels across the moisture and fertiliser treatments. L0: no lime, L2: 2 t 
lime/ha, L2P: 2 t lime/ha with 150 mg P/kg soil, L8: 8 t lime/ha. Moisture treatments VWC%. Means with the same letter 
are not significantly different. 
 
Omarama 
Mean Soil 
Exchangeable Al 
Glenmore 
Mean Soil 
Exchangeable Al 
  (mg/kg)  (mg/kg)  
Moisture Treatment     
 A - 17% 0.77  2.6  
 B - 23% 0.66  2.5  
 C - 33% 0.62  2.6  
Moisture SEM 0.050  0.17  
 LSD (5%) 0.145  0.49  
P Moisture ns  ns  
Fertiliser Treatment     
 L0 1.05 a 4.9 a 
 L2 0.50 b 2.2 b 
 L2P 0.58 b 2.1 b 
 L8 0.59 b 1.3 c 
Fertiliser SEM 0.10  0.20  
 LSD (5%) 0.29  0.56  
P Fertiliser ***  ***  
Interactions     
P Fertiliser x Moisture ns  *  
*** Significant at P< 0.001 level, ** significant at P<0.01 level, * significant at P< 0.05 level, ns - no significant difference 
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Table 4-8: Mean soil exchangeable aluminium interaction between moisture and fertiliser treatments for the Glenmore 
soil. L0: no lime, L2: 2 t lime/ha, L2P: 2 t lime/ha with 150 mg P/kg soil, L8: 8 t lime/ha. Moisture treatments VWC%. 
Significant interaction term. Means with the same letter are not significantly different. 
 
Glenmore Soil  
Moisture Treatment A (17% VWC) B (23% VWC) C (33% VWC) 
  
Exchangeable Al 
(mg/kg) 
Exchangeable Al 
(mg/kg) 
Exchangeable Al 
(mg/kg) 
Fertiliser Treatment       
 L0 5.0 ae 4.0 d 5.6 e 
 L2 2.7 b 2.0 bc 2.0 bc 
 L2P 2.0 bc 2.5 b 2.0 bc 
 L8 1.4 cf 1.8 bf 0.9 f 
Fertiliser SEM 0.34      
 LSD (5%) 0.97      
P Fertiliser x Moisture 0.016 *     
* significant at P< 0.05 level 
Table 4-9: Mean soil exchangeable aluminium interaction between moisture and fertiliser treatments for the Omarama 
soil. L0: no lime, L2: 2 t lime/ha, L2P: 2 t lime/ha with 150 mg P/kg soil, L8: 8 t lime/ha. Moisture treatments VWC%. 
Significant interaction term. Means with the same letter are not significantly different. 
 
Omarama Soil  
Moisture Treatment A (17% VWC) B (23% VWC) C (33% VWC) 
  
Exchangeable Al 
(mg/kg) 
Exchangeable Al 
(mg/kg) 
Exchangeable Al 
(mg/kg) 
Fertiliser Treatment       
 L0 1.25  1.07  0.83  
 L2 0.49  0.49  0.52  
 L2P 0.62  0.57  0.54  
 L8 0.72  0.49  0.57  
P Fertiliser x Moisture 0.38 ns     
ns - no significant difference 
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Figure 4-1: The Glenmore soil interaction between moisture and fertiliser treatments for exchangeable aluminium.  
 
 
Figure 4-2: The Omarama soil interaction between moisture and fertiliser treatments for exchangeable aluminium. 
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4.1 Environmental Conditions 
4.1.1 Soil and Air Temperatures 
Air temperature averages varied between 16 – 21˚C, and average soil temperatures varied between 
15 – 22˚C (Figure 4-3). 
 
Figure 4-3: Temperature regime experienced by the plants during the experiment in the Aluminex Glasshouse. 
4.1.2 Soil Moistures 
Soil moistures within the two soil types behaved differently. The Omarama soil had a more regular soil 
moisture pattern, with volumetric water contents not exceeding 40% (Figure 4-4). The moisture 
pattern for the Glenmore soil was more erratic than the Omarama soil, and regular moisture additions 
were required to rebalance the soil moistures to the targeted volumetric water content (Figure 4-5). 
Glenmore soil moistures ranged from 6 – 69% VWC for moisture treatment A, averaging 19% VWC 
while the Omarama had a smaller range of 17-36% VWC, with an average of 23% VWC for the same 
treatment (Table 4-10). 
Table 4-10: Average, maximum and minimum volumetric water contents of the soil moisture treatments for Omarama and 
Glenmore soils over the experimental period, April – October 2015. Moisture treatment A (17% VWC), B (23% VWC), C 
(33% VWC). 
Soil Type Omarama Glenmore 
Moisture Treatment A B C A B C 
Average VWC (%) Moisture 23 30 37 19 27 37 
Maximum VWC (%) Moisture 36 35 40 69 84 86 
Minimum VWC (%) Moisture 17 24 29 6 9 22 
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Figure 4-4: Daily soil moisture values for the Omarama soil over the experimental period as recorded by the data logger 
from the volumetric water/temperature sensors. Moisture treatment A (17% VWC), B (23% VWC), C (33% VWC). 
 
 
Figure 4-5: Daily soil moisture values for the Glenmore soil over the experimental period as recorded by the data logger 
from the volumetric water/temperature sensors. Moisture treatment A (17% VWC), B (23% VWC), C (33% VWC). 
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4.2 Plant/Soil Relationships 
4.2.1 Exchangeable Aluminium and Total Shoot Yield 
There was no relationship between exchangeable soil Al and yield (Figure 4-6, 4-7 and 4-8). Total yields 
above soil exchangeable Al of 4 mg/kg ranged between 8.3 to 10.1 g DM/pot, with yields below 
exchangeable Al of 4 mg/kg having a boarder range of total yields between 4.1 and 15 g DM/pot (Figure 
4-6). 
 
Figure 4-6: The relationship between soil extractable Al and total yields for the Omarama and Glenmore soils. 
 
 
Figure 4-7: The relationship between soil extractable Al and total yields for the Omarama soil. 
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Figure 4-8: The relationship between soil extractable Al and total yields for the Glenmore soil. 
4.2.2 Soil pH and Total Shoot Yield 
The soil pH increased with an increase in the lime rate applied to the soils. A predicted response was 
observed in the total shoot yields for both Omarama (Figure 4-9) and Glenmore (Figure 4-10) soils, the 
shoot yield increased significantly as pH increased. When additional P was added with the lime, yields 
were significantly (P<0.001) greater, 12.5 g DM/pot than with just straight lime treatments (Table 4-1). 
There is a strong relationship between the lime only fertiliser treatments and total yields (Figure 4-9 & 
4-10). For the Omarama soil total yields from 4.1 to 13.5 g DM/pot for the lime treatments between 
pH 5 to 7.6, an increase in pH by 1 increased the total yield for lime treatments by 2.4 g DM/pot (Figure 
4-9).  
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Figure 4-9: The relationship between soil pH and total yield means for each fertiliser treatment for the Glenmore soil. L0: 
no lime, L2: 2 t lime/ha, L2P: 2 t lime/ha with 150 mg P/kg soil, L8: 8 t lime/ha. 
 
 
Figure 4-10: The relationship between soil pH and total yield means for each fertiliser treatment for the Omarama soil. L0: 
no lime, L2: 2 t lime/ha, L2P: 2 t lime/ha with 150 mg P/kg soil, L8: 8 t lime/ha. 
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Chapter 5 
Discussion 
The objective of this experiment was to determine the effect soil moisture has on soil exchangeable 
Al, Al toxicity and carbon stocks of two high country soils from Central Otago, and how these factors 
influence the yield and nutrient uptake of ‘Nomad’ white clover under glasshouse conditions.. The key 
results and potential implications for field conditions are discussed below. 
5.1 Soil Acidity, Exchangeable Al  and Carbon. 
Soil pH 
Soil pH behaved in the predicted manner with the addition of lime. Soil pH increased from pH 5.6 in 
the zero lime treatment to pH 7.2 in the L8 (8 t lime/ha) treatment (P<0.001). Initial pH of the bulk 
Omarama soil was pH 5.3 and increased to an average pH of 6.5 by the end of the experiment, the 
Glenmore soil started at a lower pH of 5 and increased to pH 5.9. Initial pH of the Omarama (pH 5.3) 
and Glenmore (pH 5) soils would cause Al toxicity, as soil exchangeable Al and its potential for toxicity 
are strongly influenced by soil pH, becoming soluble at pH <5.5 (Bhalerao & Prabhu, 2013; Edmeades 
& Ridley, 2003). Final soil pHs were significantly (P<0.001) different between soil types; Glenmore pH 
5.9 and Omarama pH 6.5. Both were in the optimum soil pH range of pH 5.6 - 7 recommended by 
McLaren and Cameron (1996) for growth of white clover. Application of one tonne of lime per hectare 
increased the Omarama soil by 0.21 pH units and the Glenmore soil pH by 0.19 units. Moir and Moot 
(2014) found soil pHs to increase by similar amounts (0.16, 0.10 and 0.20 pH units/t lime) on New 
Zealand high country soils. 
The alleviation of soil acidity with the addition of lime has a positive effect of the bioavailability and 
mobility of many essential and non-essential elements (Bolan et al., 2003). The hydrolysis of the basic 
cations in lime produces OH-, which neutralises H+ ions, decreasing the activity of Al and Mn.  Liming 
increases the solubility and therefor the bioavailability of essential nutrients such as Mo and P. 
Soil Moisture effects on Exchangeable Aluminium 
A moisture effect on exchangeable Al was detected between soil moisture treatments when no lime 
was applied. The high Al Glenmore soil presented a significant exchangeable soil aluminium interaction 
between fertiliser and moisture treatments (P  = 0.016). The medium moisture treatment (B) had lower 
exchangeable Al, 4 mg/kg compared to the A and C treatments of 5 and 5.6 mg exchangeable Al/kg 
respectively. It has been demonstrated that a decrease in soil moisture can cause an increase Al 
concentration in the soil solution and therefore increase Al toxicity (Schier & McQuattie, 2000; 
 58 
Siecinska et al., 2015). The exchangeable Al concentrations in this experiment did not follow the 
predicted trend and increase with decreasing soil moisture, as observed by Siecinska et al. (2015). 
However, the results observed in this experiment do strongly suggests that soil moisture influences 
exchangeable aluminium, but only when Al concentrations are greater than 4 mg Al/kg.  
Research by Siecinska et al. (2015) found significant gradual increase in Al concentrations with 
decreasing soil moisture of soil solution extracted from soils of 14 to 6% (w/w). However there are 
some reports that contradict the relationship between Al concentration and soil moisture due to the 
complex soil/plant responses to other stresses (Slugeňová et al., 2011). Slugeňová et al. (2011) found 
that Al toxicity did not cause any reduction in growth of Norway spruce seedlings under optimal 
moisture conditions, while under limited soil moisture Al toxicity was exacerbated due to limited root 
growth rather than an increase in Al concentrations.   
The loam texture of the Glenmore soil should have demonstrated a greater ability to hold moisture 
(Leamy et al., 1974), which is thought to dilute Al concentrations in the soil solution (Gillman & Bell, 
1978). Siecinska et al. (2015) used a sandy acid soil, which is a coarser texture than the soils used in 
this experiment; a sandy loam (Omarama) and a loam (Glenmore). Sandy soils are more susceptible to 
drought and would demonstrate higher moisture stress as they have a low water holding capacity. 
However in this experiment it was the coarser Omarama, sandy loam that had lower concentrations 
of Al. Therefore this result clearly demonstrates that the variability in soil texture did not have a strong 
effect on exchangeable Al in this experiment. 
The activity of ions in soil solution (ionic strength) are influenced by the soil moisture content, 
decreasing as moisture increases due to dilution (Gillman & Bell, 1978). This would explain a higher 
concentration of exchangeable Al in a soil with low moisture as seen by Siecinska et al. (2015). The 
high Al Glenmore soil presented a significant exchangeable soil aluminium interaction between 
fertiliser and moisture treatments (P = 0.016). The Glenmore soil contained significantly different 
concentrations of exchangeable Al of 5, 4 and 5.6 mg Al/kg for the low, medium and high moisture (17, 
23 and 33% VWC) treatments when no lime was applied. The exchangeable Al concentrations did not 
follow the predicted trend as observed by Siecinska et al. (2015), but they do strongly suggest that soil 
moisture influences exchangeable aluminium. 
A dilution factor of each soil moisture volumetric water content could prove that there is indeed a 
more significant difference between moisture treatments, as a similar concentration of exchangeable 
Al could affect plant growth in a different way under different soil moistures. Exchangeable Al of 5 
mg/kg in a soil where moisture is only 17% VWC, may have greater toxicity due to the it being 
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concentrated in less soil solution than if the soil was at a VWC of 23%. The literature on soil ionic 
strength is limited and contradictory, as Edmeades et al. (1985) on the other hand states that an 
increase of ionic strength would decrease Al toxicity, while Ryan and Delhaize (2012) states it would 
increase. It is difficult to see in a short term trial if yields at low moisture are an effect of limited 
moisture or soil solution ionic strength interaction, with exchangeable Al. 
The experiment conducted by Siecinska et al. (2015) used air dried soils, that was then moistened to 
different soil moisture levels. The use of air dried soils reduced variables such as; plant growth, 
irrigation and temperature. Without running a DM production pot trial they potentially reduced the 
variables that can influence the experiments findings. The experiment by Siecinska et al. (2015) showed 
significant soil moisture and Al concentration interactions, but does not necessarily represent what 
would happen in the soil as it does not replicate a field environment. 
Soil Type effects on Exchangeable Aluminium 
The initial bulk soil samples clearly showed that the Glenmore soil had higher levels of exchangeable 
Al (6.6 mg/kg) compared to the Omarama soil (3.8 mg Al/kg), but both containing Al concentrations 
that would be toxic to legumes. Aluminium toxicity symptoms have been observed in plants at levels 
of exchangeable soil Al levels at 3 mg Al/kg and above (Moir et al., 2013), with concentrations of 3-5 
mg Al/kg causing a 50% reduction in DM production (Edmeades et al., 1991). Toxic levels of Al at a 
concentration of 3 mg/kg were observed in the mean L0 fertiliser treatment, with no other overall 
treatment means showing toxicity levels of Al.  
Final soil tests showed that the soils continued to contain different (P<0.001) concentrations of Al, with 
mean Al concentrations of 0.7 and 2.6 mg/kg for the Omarama and Glenmore soils. However when 
looking at the soils and their treatments independently only one treatment still reached Al 
concentrations that would cause toxicity. Toxic concentrations of Al occurred in the Glenmore soil, 
which had an exchangeable Al concentration of 4.9 mg/kg when no lime was applied.  
Only the Glenmore soil proved to have significantly different (P<0.001) concentrations of Al between 
fertiliser treatments and showed an interaction (P = 0.016) between fertiliser and moisture treatments. 
This clearly shows that high initial concentrations of exchangeable Al (Glenmore (6.6 mg Al/kg) can 
demonstrate differences between treatments, with low Al concentrations showing no effect 
(Omarama 3.8 mg Al/kg).  Very little literature is available on the interaction between soil moisture 
and soil exchangeable Al concentrations, making it hard to compare this to other Al concentrations at 
which soil moisture caused significant variation.  
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Fertiliser Treatment effects on Exchangeable Aluminium 
Fertiliser treatments had a significant (P<0.001) effect on the concentrations of exchangeable Al. 
Exchangeable Al was clearly effected by lime addition, with Al concentrations decreasing between the 
zero lime treatment to the L8 (8 t lime/ha) treatment, from 3 to 1 mg Al/kg. The lime fertiliser acts as 
an indicator of exchangeable Al, the less lime applied the greater the exchangeable Al levels in the soil. 
The addition of P to the soil did not influence exchangeable Al concentrations. The L2 (2 t/lime) and 
L2P (2 t/lime with additional 150 mg P/kg) treatments both contained mean Al concentrations of 1.4 
mg/kg. 
Siecinska et al. (2015) found that Al concentrations increased with decreasing soil moisture for the soil 
samples at a pH of 4.2 (1M KCl; pH 5.2 H20), but not for the limed samples of pH 6.5. Zero lime 
treatments were prominently higher in exchangeable Al than all other fertiliser treatments (P<0.05). 
Fertiliser and moisture treatment interactions for Al were also only found in-between zero lime 
treatments. The soil pH has a key driving effect on the interaction between soil moisture and Al 
concentrations, as Al is only soluble below pH 5.5 (Bhalerao & Prabhu, 2013; Edmeades & Ridley, 2003). 
This clearly explains why there was only significantly different Al concentrations when there was no 
lime added to the Glenmore soil, as only then was the pH low enough for Al concentrations to vary. 
This was also demonstrated with the Omarama soil, which had very low concentrations of Al (0.6 – 1 
mg Al/kg) and no significant interactions for moisture treatments. 
Soil Carbon 
The carbon stocks (CS) of the uppermost 15 cm of soil were observed to be 3.51 and 6.86 kg C/m3 for 
the Omarama and Glenmore soils respectively. Carbon assimilation can be due to increased fertility, 
higher residual plant matter and improved pasture quality (Kelliher et al., 2010). The Glenmore soil 
produced higher yields (P<0.001) than the Omarama soil and the higher fertility of the Glenmore soil, 
indicate that the increased plant growth and turn over contributed to the CS, while the lower yielding 
Omarama soil has less CS.  
In an experiment by West (2012) mean soil CS of 6.4 kg C/m3 were observed in the top 15 cm of soil 
for Lincoln University Dairy Farm (LUDF). The LUDF is an optimally fertilised and seasonally irrigated 
dairy farm. The Glenmore soil was found to have higher CS than LUDF, 6.86 and 6.4 kg C/m3.  The LUDF 
is an optimally fertilised and irrigated farm, this has been found to reduce the potential C 
sequestration, as plant material is more easily mineralised, more C is allocated to above ground plant 
parts (Parsons et al., 2009) and decomposition of organic matter is more rapid (Condron et al., 2014). 
Soils under dry cool conditions tend to have higher C stocks as they have slower decomposition and 
greater surface accumulation of OM. Hence why Glenmore, even though it is a less productive high 
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country sheep farming system, has higher CS than the LUDF. The low initial pH of the Glenmore soil 
(pH 5) also influences the amount of C (Bolan et al., 2003). Organic matter accumulation occurs due to 
low numbers and poor activity of microorganisms in acidic soils causing slow turnover of organic 
matter. 
Soil carbon measurements were taken to 15 cm, so the true carbon stocks of the soils in this 
experiment are not measured at depth. Carbon content changes with different plant species and may 
not be detectable without deeper sampling (Don et al., 2007), due to carbon stocks from deep rooting 
plants not being measured. Effects on CS would not have been comparable in this short term trial, as 
many years of treatment are needed to detect gradual changes (Hopkins et al., 2009). In a long term 
trial the expected effects of moisture treatments on CS would show the high moisture treatments to 
contain less soil C. This is due to the accelerated decomposition of soil organic matter under wetter 
conditions (Condron et al., 2014). 
5.2 Shoot Yield 
Soil water content is an important property of soils as it effects many physical and chemical plant/soil 
interactions, such as the uptake of nutrients and plant yield (Siecinska et al., 2015). Predictably, shoot 
yield increased with increasing soil moisture content (P<0.01).The low moisture treatment A had a 
lower total yield of 8.7 g DM/pot when compared to the optimum moisture treatment B and high 
moisture treatment C, which had similar yields of 9.5 and 9.4 g DM/pot respectively. The poor dry 
matter (DM) yield of the low moisture treatment, was expected as soil moisture limitations reduce 
plant productivity.  
The reduction in root growth by Al toxicity reduces plant shoot yields when nutrients and moisture are 
limited (Trachsel et al., 2010). There was a highly significant (P<0.001) moisture treatment by soil 
interaction for total shoot yields , where the Omarama soil had lower yields at all moisture treatments 
The highest yield under different moisture treatments for the Omarama soil (8.6 g DM) was 
significantly less than the lowest of the Glenmore soil (10.2 g DM). The Glenmore yields for the low 
and high moisture treatments were equal, which did not follow the expected yield trend. The high 
productivity of the Glenmore soil meant that there was a more frequent application of moisture as 
plants were utilising the available moisture in the soil rapidly. The rapid reduction in soil moisture and 
therefore increased frequency of irrigation was the dominant driving factor behind there being no 
moisture effect on yield for the Glenmore soil. The increased frequency of irrigation reduced the 
proportion of time when soil moisture was limiting growth. 
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The soil by yield interaction may have been influenced by other limiting factors, such as the lower 
initial fertility of the Omarama soil (Olsen P 9) compared to the Glenmore soil (Olsen P 18). Soil texture 
may have also influenced the yields. The Glenmore loam soil, due to its finer texture, will have had a 
greater ability to hold on to moisture and nutrients (Leamy et al., 1974; McLaren & Cameron, 1996), 
therefore plants were not as moisture stressed as in the Omarama sandy loam soil. 
Fertiliser treatments had a significant (P<0.001) effect on shoot yields as predicted. Lime addition 
raised the soil pH through addition of carbonate which neutralises H+, reducing acidity (Brady et al., 
1993). The increase in soil pH on limed soils has been reported to produce higher dry matter yields as 
P becomes more available and Al toxicity is suppressed (Holford & Crocker, 1994). All yields were 
enhanced with the addition of P and showed a general trend of increasing yields with increased lime 
application. Phosphorus is highly beneficial for legumes (Khumalo, 2012; Maxwell et al., 2010) and the 
addition of P in fertiliser treatment L2P produced higher yields than all other treatments. This 
treatment was expected to yield well due to the beneficial lime addition, as mentioned above and 
additional phosphorus, reducing deficiencies and increasing legume production. Haynes and Ludecke 
(1981) found a positive correlation between P uptake and yield of white clover with lime and P 
additions. Lime and P interaction effects on plants have also been generally concluded to be closely 
associated with active soil Al (Sumner & Farina, 1986). 
An interaction between soil type and fertiliser treatment for shoot yields was observed (P<0.001), with 
the Glenmore soil again yielding higher than the Omarama soil, 9.4 – 13.3 g DM/pot and 5 – 11.8 g 
DM/pot respectively. Aluminium toxicity will reduce plant yields by reducing the roots ability to explore 
the soil for water and nutrients (Kell, 2011; Trachsel et al., 2010). However the reduction in root growth 
by Al toxicity will only reduce plant shoot yields when nutrients and moisture are limited (Trachsel et 
al., 2010). The Glenmore soil did have higher (P<0.001) concentrations of Al but was also higher 
(P<0.001) yielding than the Omarama soil. This gives a strong indication that even if the Glenmore soils 
were suffering from Al toxicity it may have been masked due to its fertility, where nutrient limitations 
would not have limited the growth of plants under Al stress. 
5.3 Shoot herbage Nutrient Concentrations 
Fertiliser treatment caused variation in shoot nutrient concentrations across the seven nutrients; 
nitrogen (N) phosphorus (P), zinc (Zn), manganese (Mn), molybdenum (Mo), boron (B) and aluminium 
(Al). The influence of lime treatments on the soils were as predicted, whereby the pH of the soil 
influenced the bioavailability of different nutrients. At pHs less than 6-6.5, plant uptake of Ca, Mg, Na 
and K became restricted and can limit plant growth (Edmeades et al., 1983). Soil type only caused 
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significant levels of variation between five of the nutrients; N, P, Zn, Mn and B, while the moisture 
treatments only effected two; P and Mn. 
McLaren and Cameron (1996) state that 10-12 is the optimum sulphate-S level for near maximum 
pasture production in a sedimentary soil. Sulphur was not limiting in this trial as the mean sulphate-S 
level was 11 across all pots in the final soil sampling. 
5.3.1 Aluminium 
Shoot Al concentrations were found to vary significantly (P<0.05) between fertiliser treatments. Shoot 
Al concentrations decreased with increasing lime rate. The no lime treatment, L0 contained shoot Al 
concentrations of 107 mg/kg which was significantly (P<0.05) greater than the other three fertiliser 
treatments. The tolerance of plant species to Al differs between species, white clover is generally 
thought to be intolerant of Al toxicity (Crush & Caradus, 1992). However the cultivar used in this 
experiment, ‘Nomad’ white clover was breed by AgResearch Grasslands as a drought tolerant variety 
for low fertility dryland sheep grazing (Agricom, 2012) and has performed well under these 
experimental conditions 
Generally literature reports that there is no correlation between shoot Al concentrations and soil 
exchangeable Al concentrations (Moir, 2013). The results from this experiment are not typical as there 
was significant relationship between soil and shoot Al concentrations. Shoot Al concentrations 
increasing when there is high soil Al concentrations. 
Limited literature on Al concentrations in shoots of white clover makes it difficult to diagnose if the 
concentrations observed in this experiment are of toxic levels. It was reported that threshold 
concentrations for Al toxicity in soybean shoots were 30 mg Al/kg (Wallace & Romney, 1977), while 
sorghum Al toxicity was associated with shoot concentrations of 640 – 1220 mg Al/kg (Malavolta et al., 
1979). You could assume white clover Al toxicity concentrations will be less than those of sorghum, as 
sorghum has been reported to be more tolerant and accumulate more Al than more sensitive plant 
species  (Duncan, 1981). 
5.3.2 Nitrogen 
Shoot N concentrations varied (P<0.001) between fertiliser treatments. The L2P treatment had the 
highest concentrations of 5.1% N. The lime only treatments increased shoot N% as lime rates 
increased. The high yields for L2P and increasing lime rates is a predicted result, as both lime and P are 
beneficial to plant growth (Khumalo, 2012; Richardson et al., 2009) and N fixation (Bordeleau & 
Prévost, 1994). Legumes and nitrogen fixation are effected by low pH, with nodulation being most 
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effected (Bordeleau & Prévost, 1994). Low pH causes a reduction in the colonisation of the soil and 
legume rhizosphere by rhizobia, reducing N fixation and therefore shoot N%. The addition of lime can 
decrease this limitation by increasing soil pH. 
McLaren and Cameron (1996) state that concentrations of N less than 4.4% can cause deficiencies in 
white clover. All mean nitrogen concentrations were found to be above the deficiency limit. Even 
though concentrations varied between treatments, N was not a limiting factor to white clover growth 
in this experiment. 
5.3.3 Manganese 
Manganese can be deficient in soils of pH greater than 7, while in acid soils high levels of Mn can lead 
to Mn toxicity (White & Brown, 2010). Soil moisture treatment (P<0.001), fertiliser treatment 
(P<0.001) and soil type (P<0.05) all caused variation in shoot Mn concentrations. The high moisture 
treatment C was found to have significantly higher shoot concentrations of Mn, 79 mg Mn/kg, 
compared to 64 and 62 mg Mn/kg for moisture treatments A and B. The high levels of moisture in 
treatment C cause water logging, which substantially increases Mn availability (Patrick & Jugsujinda, 
1992). The anaerobic conditions when soil is water logged cause the reduction of Mn into its plant 
available form, Mn2+, this is why there is higher Mn accumulation in the shoots in the high moisture 
treatment. The redox conditions are thought to have more of an influence on Mn solubility in soils 
than pH (Bolan et al., 2003). 
The L0 (zero lime) and L2 (2 t lime/ha) fertiliser treatments also had high Mn concentrations, 111 mg 
Mn/kg, and 70 mg Mn/kg respectively. Lime is a common way to ameliorate Mn toxicity(McLaren & 
Cameron, 1996), as it becomes less available at higher pH (Turner & Ross, 1994), and therefore there 
was lower concentrations of Mn found in the treatments with higher lime additions. Shoots from the 
Glenmore soil were 8 mg Mn/kg higher in Mn concentration than the Omarama soil, this is because of 
the lower pH of the Glenmore soil increasing Mn availability. 
The typical range for Mn concentration in plant shoots is 20 – 250 mg/kg (McLaren & Cameron, 1996). 
The highest mean shoot Mn concentration was 111 mg/kg for fertiliser treatment L0 which is still 
within the recommended range. Therefore manganese toxicity can be assumed to not be a factor 
effecting yields for this experiment. 
5.3.4 Molybdenum and Boron 
Molybdenum concentrations were significantly (P<0.001) different between fertiliser treatments. 
Molybdenum becomes more plant-available at higher pH, with optimum Mo bioavailability around pH 
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6.5-7 (McLaren & Cameron, 1996). The fertiliser treatments shoot Mo concentrations follow this Mo-
pH trend, ranging from 0.08 mg Mo/kg for the L0 treatment to 0.91 mg Mo/kg for the high lime 
treatment. Boron is the opposite, becoming more available at lower pH (Bolan et al., 2003). Boron 
shoot concentrations were significantly (P<0.001) different between fertiliser treatments and soil type. 
Boron shoot concentrations followed the predicated trend, increasing in concentration as the rate of 
lime application decreased. Boron concentrations ranged from 22 mg B/kg for the high lime treatment 
to a high of 35 mg B/kg in the zero lime treatment. 
McLaren and Cameron (1996) state that Mo is required in shoot concentrations higher than 0.1 mg/kg 
and B in concentrations higher than 20 mg/kg to not cause deficiencies in white clover. Molybdenum 
and B were both found in shoot concentrations high enough to not cause deficiencies, except for one 
case in the L0 fertiliser treatment where Mo shoot concentration was 0.08 mg/kg due to low pH 
causing Mo to become unavailable. 
5.4 Shoot herbage Nutrient Uptake 
Soil type and fertiliser treatment caused different levels of shoot nutrient uptake across the seven 
analysed nutrients; nitrogen (N) phosphorus (P), zinc (Zn), manganese (Mn), molybdenum (Mo), boron 
(B) and Al. Moisture treatment only caused significant levels of variation between uptake of five of the 
nutrients; N, P, Zn, Mn and B.  
5.4.1 Aluminium 
Shoot Al uptake was found to vary (P<0.01) between fertiliser treatments. Aluminium uptake 
decreased by 167 µg Al/kg between the low lime treatment and the high lime treatment, with the 
exception of the L2P treatment which had the highest uptake of 909 µg Al/kg. The high shoot Al uptake 
for the L2P treatment was most likely due to the P increasing yield, so shoot Al uptake is proportionate 
to the DM yield. This means that the high shoot Al uptake is only due to a fertiliser effect on the L2P 
yield, rather than it being a fertiliser effect on shoot Al uptake. 
The shoots from the Glenmore soil were found to have much higher (P<0.001) uptake of Al, 866 µg 
Al/kg compared to 574 µg Al/kg for the Omarama soil. The obvious high uptake of Al by the Glenmore 
is most probably due to the higher (P<0.001) yields rather than high exchangeable Al concentrations 
in the Glenmore soil. Literature generally states that there is no correlation between soil Al and shoot 
Al (Moir, 2013), which is not the case in this experiment. Higher uptake of Al by shoots occurred when 
there was high concentrations of soil exchangeable Al present. However, the high yields of the 
Glenmore soil skew the Al uptake concentrations, making it appear to increase in Al uptake in this soil 
when it could actually just be higher yielding.  
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5.5 Plant/Soil Relationships 
The Glenmore soil was much higher (P<0.001) yielding than the Omarama soil, even though it had 
significantly (P<0.001) higher levels of soil exchangeable Al. This may have been due to the initial 
chemical makeup of the Glenmore soil. This soil has an Olsen-P of 18 while Omarama only had an 
Olsen-p of 9. The presence of P can reduce the toxicity of Al as these elements bind together and form 
Al-P complexes which are not harmful to plants (Arunava & Khriedinuo, 2013). The higher P fertility of 
the Glenmore soil would also stimulated greater plant growth. 
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Chapter 6 
Conclusions and Future Research  
The objective of this experiment was to determine the effect soil moisture has on soil exchangeable 
Al, Al toxicity and carbon stocks of two high country soils from Central Otago, and how these factors 
influence the yield and nutrient uptake of ‘Nomad’ white clover. In particular this experiment focused 
on the change in exchangeable Al concentrations of two high country soils with different levels of soil 
moisture. 
A moisture effect on exchangeable Al was detected between soil moisture treatments when no lime 
was applied. The high Al Glenmore soil presented a significant exchangeable soil aluminium interaction 
between fertiliser and moisture treatments (P = 0.016). When zero lime was applied the medium 
moisture treatment (23% VWC) had lower exchangeable Al, 4 mg/kg compared to the low (17% VWC) 
and high (33% VWC) moisture treatments which contained 5 and 5.6 mg exchangeable Al/kg 
respectively. The exchangeable Al concentrations did not follow the predicted trend and increase with 
decreasing soil moisture, as observed by Siecinska et al. (2015). However, this experiment did show an 
interesting interaction and strongly suggests that soil moisture influences exchangeable aluminium but 
only when Al concentrations are greater than 4 mg Al/kg. Similar experiments are required using high 
Al soils to confirm this result. 
Lime addition had a significant (P<0.001) effect on the concentrations of exchangeable Al. Soil pH 
increased significantly (P<0.001) from pH 5.6 to 7.2 with the addition of lime at rates of zero to eight 
tonnes per hectare. Exchangeable Al was clearly effected, with Al concentrations decreasing between 
the zero lime treatment to the eight tonnes of lime treatment, from 3 to 1 mg Al/kg. The addition of 
phosphorus did not effect exchangeable Al concentrations, the two tonne of lime and the two tonne 
of lime with P treatments both contained mean Al concentrations of 1.4 mg/kg.  
Both soils contained toxic concentrations of exchangeable Al initially, 6.6 mg Al/kg in the Glenmore 
soil and 3.8 mg Al/kg in the Omarama soil. At the termination of the experiment only the zero lime 
treatments on the Glenmore soil contained toxic levels of exhangeable Al, with a mean of 4.9 mg Al/kg.  
Initial carbon stocks of the uppermost 15 cm of soil were observed to be 3.51 and 6.86 kg C/m3 for the 
Omarama and Glenmore soils respectively. The Glenmore soil contained relatively high carbon stocks 
compared to a intensive dairy farm soil that contained carbon stocks of 6.4 kg C/m3. To gain insight on 
the effects soil moisture and fertilister treatments on carbon stocks in the two high country soils, a 
long term field trial would be required. Measurements of carbon and bulk density down to one meter 
in the soil profile may improve interpretations of carbon stock calculations. 
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Shoot yield was signifcantly (P<0.001) higher with the addition of phosphorus than for all other 
fertiliser treatments, 12.5 g DM/pot compared to 7.2, 7.5 and 9.6 g DM/pot for the zero, two and eight 
tonne lime treatments. The Glenmore soil yielded signifcantly (P<0.001) higher than the Omarama soil, 
mean yields of 10.6 and 7.8 g DM/pot respectively. The fertility of the Glenmore soil (initial Olsen Pof 
18)  may have masked the effects of Al toxicity on yields. Exchangeable Al root limitations would not 
have caused the plant nutrient stress, but may have been limited by moisture. Moisture caused a 
limitation to growth on the low moisture treatment (17% VWC), with a yield of 8.7 g DM/pot compared 
to 9.5 and 9.4 g DM/pot for the medium (23% VWC) and high (33% VWC) moisture treatments. Without 
measuring soil ionic strength it is hard to define wither or not plant yields were reduced solely due to 
moisture limitations or because of increased toxic Al ion concentrations under low soil moisture 
conditions. 
Herbage nutrient concentrations were effected predicatably by lime and P addition. Shoot 
concentrations of P and Mo increased with lime addition,  while shoot concentrations of Zn, Mn, B and 
Al decreased. Shoot nutrient uptake followed the same trends as concentration. 
6.1 Suggestions for futher research 
 Given that a moisture effect on exchangeable Al was detected on soil containing high 
concentrations of Al, further research using soils that contain very high levels (<4 mg Al/kg) of 
exchangeable Al would strengthen this data set. Reduced lime application may also allow for 
more detectable Al effects. 
 
 Long term trials may demonstrate if there was an effect of soil moisture on exchangeable Al 
as it would allow time for environmental interactions to occur.  
 
 A long term field trial would allow enough time for moisture and aluminium effects of soil 
carbon to be detected and reliable measurement of carbon stocks to 1 metre depths. 
 
 The use of a legume pasture species that is more sensitive to Al toxicity may better illustrate 
yield effects caused by the moisture and fertiliser treatments in this trial. 
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